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ABSTRACT
Adrian, Duncan Blake. M.S. The University of Memphis. August, 2012. The
Collapse Behavior of West Tennessee Loess. Major Professor: Roger Meier, Ph.D.
This thesis is an investigation of the collapse behavior of two types of compacted
loessial soil. Different stress paths will be followed to define the collapse behavior due to
changes in net vertical stress and matric suction for loess specimens acquired from two
locations in West Tennessee. The two loessial soils chosen have different grain size
distributions, which will result in differences in soil structure that should impact the
collapsibility of the soil. The soil-water characteristic curve will be measured for the
soils in the non-collapsed and collapsed conditions. The volume change behavior will be
evaluated using results of collapse tests, measured soil-water characteristic curves,
unsaturated soil mechanics volume change theory, and related references. The
differences in the test results between the two soil types will be interpreted in light of the
differences in the grain size distributions. Recommendations for future research on
collapsibility will also be presented.
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1. INTRODUCTION
1.1

Background
Loess consists primarily of windblown silt and clay particles that form a naturally

collapsible soil structure. Unsaturated loess constitutes the bluffs along the Mississippi
River in the West Tennessee area. The bluffs can stand almost vertical at heights of 20
feet or more. The shear strength that maintains the steep slope can deteriorate as the
loess becomes saturated, leading to the collapse of the soil structure and a reduction in
volume. Remolded loess can also develop a collapsible soil structure if compacted to
certain densities and water contents. This thesis is an investigation of the collapse
behavior of remolded loess.
Research on soil collapse has shown that any type of soil can collapse if the initial
conditions (e.g. density and water content) are favorable (Barden et al. 1974). Lightly
compacted engineered fills can be collapsible as well as naturally deposited soils. Silty
soils, clays, and even sands have the ability to develop metastable soil structures.
Collapse is typically identified as the sudden, immediate settlement of soil due to wetting.
In general, soil that is unsaturated and has the ability to maintain stability at high vertical
stresses has the potential for collapse (Lawton et al. 1994).
The soil structure of compacted soils depends mainly on the void ratio and water
content. Soils will behave differently due to varying clay content, clay mineralogy, and
chemical composition. Soil grains can become cemented due to the presence of clay
particles. The chemical composition of the soil can also affect the volume change
behavior of soils. These factors are typically more prominent in naturally deposited soils
than in remolded, compacted soils.
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Collapsible soils are unsaturated, therefore conventional soil mechanics principles
that deal with saturated soils cannot be applied to problems related to collapsible soils.
Unsaturated soil mechanics deals with two independent stress state variables: matric
suction (ua-uw) and net normal stress (σ-ua), where ua is the pore air pressure, uw is the
pore water pressure and σ is the total normal stress (Fredlund and Rahardjo 1993).
Matric suction is therefore the difference between the pore air pressure, which is usually
atmospheric in soils, and the pore water pressure, which is negative in unsaturated soils.
A practical example that demonstrates the effects of matric suction is when one end of a
paper towel is placed in water and the water travels up the paper towel above the surface
of the water. The water works its way against gravity due to the surface tension
properties of water and the paper towel material (Coduto et al. 2011). Matric suction is
directly related to the degree of saturation of a soil. This relationship is described by a
soil-water characteristic curve (see Section 2.2.4). Net normal stress is the difference
between the total normal stress (e.g. overburden or applied load) and the pore air
pressure. Unsaturated soil mechanics principles will be described in more detail in
Chapter 2.
According to various sources, the matric suction of a compacted, collapsible soil
is the primary reason that the soil is able to maintain a metastable structure. Several
researchers have shown that matric suction is directly related to collapse by using
techniques that allow for independent control of the matric suction and the net normal
stress. Although collapse is thought of as immediate, research has shown that collapse
can be controlled if the matric suction of the soil can be controlled.
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Constitutive relationships used to describe changes in volume due to changes in
the stress state of unsaturated soils are called “stress versus volume-mass” constitutive
relations, or simply “volume-mass” constitutive relations. Volume-mass constitutive
relations describe how stress state variables relate to deformations and to the basic
volume-mass properties. The stress state variables of unsaturated soils have already been
introduced. The basic volume-mass properties of unsaturated soils are void ratio, water
content, and degree of saturation. There are therefore two constitutive relations for an
unsaturated soil: soil structure constitutive relations (void ratio, volumetric strain, etc.)
and water phase constitutive relations (degree of saturation, water content, etc.) (Fredlund
and Rahardjo 1993). Three-dimensional plots of the changes in volume-mass properties
as a function of the stress state variables create constitutive surfaces that describe volume
change behavior due to changes in stress state variables (See Section 2.3).
The proposed research will define the collapse behavior of compacted loess by
plotting the changes in volume-mass properties over a range of the stress state variables.
A constitutive surface will be obtained by varying the two independent stress variables,
matric suction (ua-uw) and net normal stress (σ-ua), and plotting the resulting soil structure
volume changes and water content changes (volumetric, gravimetric, and degree of
saturation). The plots of soil structure volume change and water content changes due to
changes in the stress state of a soil are called either suction paths or loading paths,
depending upon which stress state variable is varied. These plots will simply be called
stress paths (not to be confused with stress paths of saturated soils in p-q space). For
example, a stress path could be a plot of void ratio while a constant net normal stress is
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applied to the soil and the matric suction of the soil is decreased. Stress path
independency will be observed to determine the uniqueness of the constitutive surfaces.
1.2

Objectives
A laboratory testing program will be developed to investigate the collapsibility of two

types of loessial soils obtained from different locations in West Tennessee. The
objectives of the laboratory testing program are as follows:
1. Prove that remolded compacted loess is collapsible under certain conditions.
2. Show that the collapse of compacted loess is directly related to matric suction.
3. Define the collapse behavior by plotting volume-mass constitutive surfaces for
both loessial soils.
4. Determine uniqueness of the constitutive surface by examining the stress paths.
5. Interpret differences in the soil-water characteristic curve of the collapsed soil and
non-collapsed soil.
6. Determine whether collapse of compacted loess can be explained using the
principles of unsaturated soil mechanics.
7. Identify the differences in behavior of the two types of loessial soils tested and
determine what conclusions can be drawn.
8. Compare results with related research on compacted, collapsible soils.
The reason that this thesis is unique is due to the type of the soil being tested.
Limited research has been conducted on the collapse behavior of West Tennessee loess.
Similar research has been performed on different types of loess, silt, clay, and sand.
However the composition of loess deposits varies greatly, which can be seen by the
variation in the two types of loess that were obtained for this study (see Figure 4-3, Table
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4-1, and Table 4-2). The volume change behavior of soils will vary due to varying soil
structure and mineral composition. Verification of existing research on compacted,
collapsible soils, such as the direct correlation between matric suction and collapse, will
be made and conclusions will be drawn from this research.
1.3

Outline of Chapters
Chapter 1 presents background on loess, unsaturated soils, compacted collapsing

soils, and the constitutive relationships of unsaturated soils. The objectives of the
research are presented as well. Chapter 2 is a review of the literature on unsaturated soil
mechanics, the collapse of compacted soils, and volume-mass constitutive relations.
Chapter 3 presents testing methods used to determine the collapse behavior of soil. The
beginning of Chapter 4 presents the results of soil classification tests and standard Proctor
compaction tests. These results were needed to determine the parameters of the research
program. The rest of the chapter presents the details of the research program. Chapter 5
presents the results of the research program. Chapter 6 is a discussion and interpretation
of the results. Chapter 7 presents conclusions of this research and recommendations for
future research. Chapter 8 is a list of the references used in this thesis.
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2. LITERATURE REVIEW
The following sections will present the necessary background required to develop a
research program to study the collapse behavior of West Tennessee loess and to interpret
the results of the research.
2.1

Problems Related to Collapse in Compacted Soils
Research on compacted, collapsible soils has been conducted due to the significant

problems that collapsible soils create for civil engineers all over the world. For example,
Booth (1977) studied collapse of compacted road embankments in Africa due to the
numerous collapse occurrences in the region. Maswoswe (1980) provided an in-depth
literature review of collapsible soils that included several case history studies dealing
with collapse problems in South Africa. He concluded that there was a need for further
research of compacted, collapsible soils. Miranda (1988) studied the collapse behavior of
small earth dams during initial filling because dams that were compacted loosely and dry
of optimum water content experienced large deformations quickly after the initial filling.
Lawton (1992) performed research investigating the collapse behavior of clayey sand and
the main factors that affect the amount of collapse compacted soils may experience. He
stated that engineers sometimes forget that certain compacted soils may undergo further
densification if a significant amount of water is introduced.
Since collapsible soils are stable in the unsaturated condition and become unstable
as water is introduced, knowledge of unsaturated soil mechanics is needed to understand
the volume change behavior. The following section will introduce some unsaturated soil
mechanics concepts.
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2.2

Introduction to Unsaturated Soil Mechanics

2.2.1

Background
Unsaturated soils consist of a solid skeleton that contains interconnected pores

filled with water and air. The interactions between all three phases of matter (solid,
liquid, and gas) create different energy states (thermodynamic potential) of the pore
water. Water will flow from areas of high energy to areas of low energy. The energy of
pore water is in reference to the energy of free water, which is water that has no dissolved
solutes, no interactions with other phases that impart curvature to the air-water interface,
and has no external forces other than gravity (Lu and Likos 2004). Soil pore water can
develop lower energy states due to capillary, short-range adsorption, and osmotic effects
(Lu and Likos 2004). All of these effects make up soil suction.
2.2.2

Capillarity
Connected pores of soils form small capillaries. A phenomenon known as

capillarity occurs when water is retained within the capillaries above the ground water
table. The height to which the water can rise above the surface of the ground water is
known as the height of capillary rise and is dependent on the surface tension of the water
(Ts), contact angle between the air-water interface and the soil particles (α), diameter of
the pores (d), and density of the water ρw. Considering a simple capillary tube, Equation
2-1 shows the relationship between capillary rise and these variables (Lu and Likos
2004).

hc 

4Ts cos 
d wg
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(1-1)

The height of capillary rise will be greater with an increasing surface tension of water and
a decreasing contact angle. The height of capillary rise will be less with an increasing
pore diameter. Capillarity is one of the components that create soil suction. Soil suction
can have a significant effect on the engineering properties of soils.
2.2.3

Soil Suction
Unsaturated soils develop suction between their individual particles, which creates

a normal force between the particles and helps hold the grains together. There are two
primary components to soil suction: osmotic suction and matric suction. Osmotic suction
is caused by the salt content of the pore water of the soil (Fredlund and Rahardjo 1993).
Matric suction is the difference between the pore air pressure, which is typically
atmospheric, and the pore water pressure. It is caused by the capillary forces discussed in
Section 2.2.2 as well as forces that develop due to short-range adsorption (Lu and Likos
2004). Capillary forces are present due to the surface tension of the water and the
orientation of the soil grains. Small menisci of water will develop between soil grains
which pull the grains together due to the negative pressure in the water. The capillary
force exerted between the soil grains depends on the orientation of the grains and the
amount of water in the soil. An illustration of two soil grains held together by capillary
forces is shown in Figure 2-1.
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Figure 2-1: Grains Held Together due to Capillary Forces (after Maswoswe 1985)

Forces due to short-range adsorption are present due to the electrical potential of
water, clay minerals, and Van der Waal’s interactions. Water molecules will be
chemically attracted to certain clay minerals, some more than others, and will bond to the
surface forming an envelope of water on the surface of the clay (Monroy 2006).
Capillary forces are most prominent when the soil is in the funicular regime, also
known as the capillary regime. The funicular regime in an unsaturated soil consists of all
of the pores connected with a continuous film of water. The pendular regime, also
known as the adsorbed film regime, consists of soil particles that are not surrounded by a
continuous film of water (Mitchell and Soga 2005). Figure 2-2 illustrates the funicular
regime and the pendular regime. Capillary forces are prominent in the funicular regime,
and adsorption forces dominate when soils are in the pendular regime. The soil-water
characteristic curve shown in Figure 2-4 of the following section shows that soils at
higher water contents (low suctions) are in the funicular regime while soils at low water
contents (high suctions) are in the pendular regime.
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Figure 2-2: Funicular Regime (right) and Pendular Regime (left)
(from Mitchell and Soga 2005)

The osmotic suction is typically not as prominent as the matric suction. The
thermodynamic properties of the pore water of soils may be affected by molecules
dissolved in the pore water. Changes in the properties of the pore water effect soil
suction. Matric suction is typically of most use when analyzing the behavior of
unsaturated soil and is considered a stress state variable.
2.2.4

Soil-Water Characteristic Curve
The SWCC is a plot of the volumetric water content (θw), gravimetric water

content (w), or degree of saturation (S) of a soil as a function of the soil suction. The
SWCC describes the water retention abilities of the soil. The parameters θw, w, and S are
volume-mass properties that describe the quantity of water in the soil and, as such, they
are all related to each other. The gravimetric water content describes the mass of water in
a given amount of soil (Mw) relative to the mass of the soil solids (Ms):

10

w

Mw
Ms

(1-2)

The volumetric water content describes the volume of water in a soil mass (Vw) relative to
the total volume of the soil mass (VT):

Vw
VT

w 

(1-3)

The degree of saturation describes the volume of water in a soil mass relative to the
volume of the voids (Vv) within the soil mass:

S

Vw
VV

(1-4)

The volumetric water content and degree of saturation are related to each other through
the void ratio (e) as

w
S



e
1 e

(1-5)

and the gravimetric water content and degree of saturation are related through the void
ratio and the specific gravity of the soil solids (Gs) as

w e

S Gs
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(1-6)

so the volumetric and gravimetric water contents are related to each other as

w 

SwGs
S  wGs

(1-7)

A typical SWCC for a silty soil, with volumetric water content (θ) plotted on the y
axis, is shown in Figure 2-3 and a SWCC labeled with the regimes discussed in the
previous section is shown in Figure 2-4.

Figure 2-3: Typical Soil-Water Characteristic Curve for a Silty Soil (from Fredlund and
Xing 1994)
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Figure 2-4: Soil-Water Characteristic Curve Showing Regimes (from Lu and Likos 2004)

Figure 2-3 also shows the air entry value (AEV), residual water content (θr),
residual air content, desorption (drying) curve, and adsorption (wetting) curve, which are
the main features needed to fully describe the SWCC for a soil. The air entry value,
which is seen on the drying curve, is the value of matric suction that must be exceeded
for air to enter the pores of the soil. The residual water content is the water content at
which an increase in the matric suction does not significantly affect the water content.
The sloped section between the air entry value and the residual water content value is
called the transition zone. The residual air content is the difference between the
volumetric water content of the wetting and drying curves at suction values near zero
(Fredlund and Rahardjo 1993).
Although it is not shown in Figure 2-3, a value analogous to the air entry value on
the drying curve is called the air-occlusion value on the wetting curve. The air-occlusion
value is the suction value at which air bubbles become trapped in a soil that is being
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wetted, preventing the soil from reaching 100% saturation. The funicular regime is
shown in Figure 2-4 as the capillary regime and the pendular regime is shown as the
adsorbed film regime. Figure 2-4 also shows the tightly adsorbed regime for very dry
soils, which is controlled by electrochemical forces between the water and the soil
minerals.
As seen in Figure 2-3, there is hysteresis between the drying and wetting curves
that needs to be considered when using the SWCC for analyzing unsaturated soil
properties. For example, two identical soil specimens can have the same suction value
but different degrees of saturation, gravimetric water content, and volumetric water
content. How the suction contributes to the stability of the soil can be different even at
the same suction values (Jotisankasa 2005). Hysteresis between the wetting and drying
curves occurs for reasons that will be discussed next.
2.2.5

Hysteresis of the Soil-water Characteristic Curve
There are many reasons for the hysteresis of the drying and wetting soil-water

characteristic curves. Some of the reasons include the ink-bottle effect, the contact angle
between the air-water interface and the soil grains, entrapped air, and swelling and
shrinking of the soil. Thixotropic regain or aging due to past wetting and drying cycles
of the soil is another reason for hysteresis of the SWCC (Pham 2005). However, the ink
bottle effect and the effect of the contact angle are thought to be the most significant
reasons for hysteresis, particularly for soils in the funicular regime, and they will be
discussed in this section.
The ink-bottle effect occurs due to differences in the pore diameters throughout
the soil. From Equation 2-1, the larger the pore diameter is, the lower the height of
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capillary rise will be. For example, Figure 2-5 illustrates what happens in a tube with a
varying diameter. As water drains from a smaller diameter to a larger diameter, as seen
on the left of Figure 2-5, the larger diameter portion of the tube is able to contain the
water because the smaller diameter portion maintains the height of capillary rise. As
water fills from a smaller diameter to larger diameter, as seen on the right of Figure 2-5,
the larger diameter portion is unable to be filled because the height of capillary rise is
restricted by the larger tube radius (Lu and Likos 2004).
The angle that develops between the air-water interface and the soil particles
depends on whether the soil is drying or wetting. The contact angle affects the height of
capillary rise as seen in Equation 2-1. As the contact angle decreases, the height of
capillary rise increases. The angle between a drop of water and the soil during wetting is
typically larger than during drying. Figure 2-6 illustrates the effect of contact angle on
pore water retention. The zero contact angle that develops while the water is receding
(on the left) allows more water to remain in the pore. The contact angle that develops
during wetting (on the right) is greater than zero and prohibits the pore from being filled.
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Figure 2-5: Hysteresis due to Ink bottle Effect: Drying Pore (left) and Wetting Pore
(right) (after Marshall and Holmes 1979)

Figure 2-6: Hysteresis due to Contact Angle: Drying Pore (left) and Wetting Pore (right)
(after Marshall and Holmes 1979)

For a given soil under a certain set of compaction conditions, there are sets of
SWCCs that define the actual water retention behavior of the soil. These SWCCs are
called the boundary wetting/drying curves, the primary wetting/drying curves, and an
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infinite number of scanning curves between the primary curves (Pham 2005, Jotisankasa
2005). Figure 2-7 shows a typical set of SWCCs for low-volume-change soils.

Figure 2-7: Typical Boundary, Primary, and Scanning SWCC for Rigid Soils
(from Jotisankasa 2005)

The boundary drying curve describes the water retention behavior of a soil
beginning from a zero-suction (slurry) condition and ending at the maximum suction
possible. The boundary wetting curve describes the water retention behavior beginning
from the maximum possible suction and ending at zero suction. The only way to obtain
these curves is to start at either zero suction or maximum suction. The primary wetting
and drying curves describes the water retention behavior between the two boundary
curves at points other than zero suction and maximum suction. Scanning curves go back
and forth between the primary curves at points intermediate to the boundary curves
(Jotisankasa 2005).
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It is important to understand that these soil-water characteristic curves are not a
unique property of a given soil because the water retention behavior of the soil changes
as the soil structure changes. If load is applied to the soil and the soil compresses, the
pore sizes will change and therefore the water retention properties will change. An
entirely new set of boundary, primary, and scanning SWCCs will then apply.
Some of the fundamentals principles of unsaturated soil mechanics have been
presented. The next section will present a simple semi-empirical volume change theory
for unsaturated soils.
2.2.6

Volume Change Theory
Two independent stress variables are needed to explain the behavior of

unsaturated soils: net normal stress (σ-ua) and matric suction (ua-uw). Net normal stress
is the stress applied to the soil, σ, relative to the pore air pressure, ua. Matric suction is
the difference between the pore air pressure, ua, and the pore water pressure, uw. An
unsaturated theoretical framework for collapsible soils can be represented by the volume
change constitutive relationships for unsaturated soils presented by Fredlund and
Morgenstern (1977). The following semi-empirical equations were presented by
Tadepalli and Fredlund (1991) to explain soil collapsibility:

dVv
 m1s d (  ua )  m2s d (ua  uw )
Vo

(1-8)

dVw
 m1wd (  ua )  m2wd (ua  uw )
Vo

(1-9)

where:
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dVv = change in total volume of voids (assuming the soil grains are incompressible, this is

the total change in volume as well),
dVw = change in total volume of water,

Vo = initial volume of soil,
d (  ua ) = change in net normal stress,
d (ua  uw ) = change in matric suction,
m1s = coefficient of total volume change with respect to a change in net normal stress at a

constant matric suction,
m1w = coefficient of water volume change with respect to a change in net normal stress at

a constant matric suction,
m2s = coefficient of total volume change with respect to matric suction at a constant net

normal stress,
m2w = coefficient of water volume change with respect to a change in matric suction at a

constant net normal stress.
During constant net normal stress testing, a constant vertical stress is applied to
the soil specimen. The pore air pressure is assumed to be unchanged as the soil collapses,
although it has been shown that there is a possibility of air pressure buildup that
dissipates quickly thereafter (Tadepalli and Fredlund 1991). Therefore, the air pressure
variable from the equation above and the variables associated with changes in net total
stress are removed from Equations 2-8 and 2-9 and matric suction, or negative pore water
pressure, is the only variable considered. Equations 2-8 and 2-9 are then reduced to
Equations 2-10 and 2-11 below:
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dVv
 m2s d ( uw )
Vo

(1-10)

dVw
 m2wd ( uw )
Vo

(1-11)

Likewise for testing at a constant suction while varying the net normal stress, the
variables associated with changes in matric suction are removed:

dVv
 m1s d ( )
Vo

(1-12)

dVw
 m1wd ( )
Vo

(1-13)

During collapse, the volume of the specimen decreases; therefore the coefficient of total
volume change with respect to matric suction at a constant net normal stress, m2s , is a
negative number. The volume of water increases within the specimen as it is saturated at
a constant load; therefore the coefficient of water volume change with respect to a change
in matric suction at a constant net normal stress, m2w , is a positive number. However, as
the specimen collapses, water can be squeezed out of the collapsing voids. Therefore,
m2w could be a negative number after the specimen fully collapses. The volume of water

decreases within a specimen as the specimen is loaded at a constant matric suction;
therefore the coefficient of water volume change with respect to net normal stress at a
constant matric suction, m1w , is a negative number. The volume of the soil decreases as it
is loaded at a constant matric suction; therefore the coefficient of total volume change
with respect to net normal stress at a constant matric suction, m1s , is a negative number.
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The empirical variables in these equations are the “m” variables. These variables
are obtained through laboratory testing. However, they can be difficult to obtain because
volume change may not be linear. For example, if a constant load is applied to a
metastable soil specimen and the matric suction is reduced in steps, the change in volume
may not be the same for every decrement of matric suction. In other words, the collapse
may not be linear over the entire range of matric suction values. Constitutive models are
still evolving due to the complex volume change behavior of unsaturated soils.
2.3

Volume-Mass Constitutive Planes
Much of the research dedicated to collapsible soils aims to develop volume-mass

constitutive models that are applicable to all unsaturated soils. Volume change behavior
of unsaturated soil is described using a three-dimensional graph that has axes of matric
suction (uw-ua), net normal stress or vertical stress (σ-ua), and void ratio or water content.
Different paths can be followed depending upon the order of matric suction and vertical
stress changes. An example of following several stress paths within the threedimensional space is shown in Figure 2-8.

21

Figure 2-8: Example of Stress Paths for an Unsaturated Soil (from Tadepalli and
Fredlund 1991)

First, a net normal stress was applied to the soil specimen (path A-B). At that net
normal stress, the soil suction was decreased by inundating the specimen and collapse
commenced, resulting in a decrease in void ratio (path B-C). After collapse, the soil was
saturated and a normal consolidation test was performed (path C-D-E). A higher net
normal stress was applied to the soil (path C-D) and then the soil was unloaded to zero
net normal stress (path D-E). Figure 2-8 illustrates that a variety of stress paths can be
followed within the three-dimensional state space.
There are five basic paths, or boundary planes, that need to be followed to define
the constitutive surface of an unsaturated soil. The zero net vertical stress plane, zero soil
suction plane, constant net vertical stress plane, constant suction plane, and water content
versus total volume (swelling-shrinking curve) comprise the basic volume-mass
constitutive relations (Pham 2005). A test that involves changes in the soil suction while
under no load is a test within the zero net vertical stress plane. A conventional
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consolidation test is the same as a test that follows zero suction paths. Since a soil that
has zero suction corresponds to a saturated soil, a basic plot of void ratio, e, vs. log of
stress, σ, would be obtained from data that defines the zero net vertical stress plane. The
constant net vertical stress boundary plane describes how the soil changes volume when
the suction of the soil is varied and the net vertical stress is held constant. The constant
soil suction boundary plane describes how a soil changes volume when the net vertical
stress on the specimen is varied and the suction is held constant. Figure 2-9 illustrates
these boundary conditions. An ideal constitutive surface for a collapsible soil is shown in
Figure 2-10.

Figure 2-9: Illustrations of volume-mass constitutive relationships on four basic planes
(from Pham, Hung 2005)
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Figure 2-10: Constitutive Surface of a Collapsible Soil (from Tadepalli, Fredlund, and
Rahardjo 1992)

Figure 2-10 illustrates how different surfaces can be obtained using oedometer
testing alone. However, following a stress path on the top surface of the model using
oedometer tests alone would consist of only two points because the matric suction cannot
be varied in a standard oedometer. The two points would be the void ratio, matric
suction, and vertical stress in the unsaturated condition, and the void ratio, matric suction,
and vertical stress in the saturated condition. Devices that allow for the control of matric
suction have been created to understand the volume change behavior of unsaturated soils
and to better describe the constitutive surface between those points. The uniqueness of
the constitutive surface can also be determined using devices that are capable of varying
both matric suction and net vertical stress.
Just as in the loading-reloading curve obtained from an oedometer test of a
saturated soil, the decrease in volume that occurs while following a stress path for an
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unsaturated collapsing soil will not be reversed if the stress path is followed in the
opposite order of stress states. For example, if a stress path of a specimen under a
constant load is followed by decreasing the matric suction to zero and then increasing the
matric suction back to the original value, the original volume will not be restored.
A review of the literature on unsaturated soil mechanics, collapsibility of
compacted soils, and constitutive modeling of unsaturated soils has been presented in this
chapter. The next chapter will review some of the testing methods and equipment
available to determine the collapse behavior of metastable soils. The equipment and
testing methods that will be used for the research program described in Chapter 4 will be
introduced.
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3. TESTING METHODS
An overview of some of the laboratory testing methods used to determine the
collapse behavior of soils will be described in this section. The details of the lab testing
procedures performed for this thesis will be described in Chapter 4.
3.1

Conventional Collapse Testing Methods
Most research conducted on collapsible soils involves oedometer testing to measure

the amount of collapse that can occur when an unsaturated soil is inundated or undergoes
an increase in overburden pressure. Oedometer tests are very useful because they
determine the maximum amount of collapse that can occur for a soil compacted at certain
densities and water contents. The two types of oedometer tests most commonly used for
studying collapse are single oedometer tests and double oedometer tests.
A single oedometer test is performed by applying a vertical load called the flooding
stress to a confined, unsaturated soil specimen and, after the specimen reaches
equilibrium in the unsaturated state, flooding the specimen with water (Sharma and
Singhal 2006). The resulting reduction in height and volume of the specimen is recorded.
Figure 3-1 on the next page illustrates the results of a series of single oedometer tests on
“identical” soil specimens.
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Figure 3-1: Single Oedometer Tests at Different Stresses (from Vilar and Rodrigues,
2011)

Double-oedometer tests are performed by testing two specimens that are identical
in soil composition and soil structure. One specimen is tested at its natural moisture
content while the other is tested at saturation. The difference between the consolidation
curves shows the amount of collapse that could occur if the specimen at natural moisture
content was subsequently saturated. This test assumes that the deformation that occurs
during inundation will be the same whether the specimen is loaded first or wetted first.
In other words, the deformation of the soil is stress path independent. This is a subject of
controversy in the literature. Some researchers state that stress paths that involve wetting
processes are stress path independent (Pham 2005). Others have observed stress path
dependency, obtaining different volume change behavior depending upon the order of
wetting and loading.
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An advantage of the double oedometer test is that the researcher receives two
complete consolidation curves rather than one curve. Figure 3-2 below shows typical
results of a double oedometer test conducted on silt. It can be seen that collapse increases
with increasing vertical load. Figure 3-2 also shows that collapse increases with vertical
stress up to the pre-consolidation stress (σ'p) of the unsaturated soil specimen, which is
the maximum stress the soil has ever experienced. Beyond the pre-consolidation stress,
collapse decreases with increasing vertical load. This behavior can also be seen in Figure
3-1, in which the soil undergoes an increase in collapse up to a maximum collapse at a
stress of 640 kPa. At the next stress level, 1280 kPa, the soil shows less collapse than the
soil under a stress of 640 kPa.

Figure 3-2: Double Oedometer Test Results (from Cetin et al. 2007)

The post-collapse void ratios of single oedometer tests should coincide with the
saturated curve from the double oedometer tests. There are, however, some instances
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where the single and double oedometer tests do not agree. There are several reasons for
disagreement, including differences in specimen preparation, mineralogy, initial water
content, and lithological and granulometric characteristics of the tested specimens
(Reznik 1994). However, these effects are much more prominent in natural, undisturbed
specimens than remolded specimens. Single and double oedometer tests should correlate
well for remolded soils, though specimen variance is inevitable.
Conventional oedometer testing does not allow the user to control the matric
suction of the soil. Modified oedometers have been developed that allow the user to
control the matric or osmotic suction of soil specimens during testing. The axistranslation technique is the most prominent method used to control the matric suction of
soil specimens in a matric suction controlled oedometer. This technique will be
described in the next section.
3.2

Axis-translation Technique
The axis-translation technique is the practice of applying positive pore air pressure

to an unsaturated soil specimen while keeping the pore water pressure at atmospheric
pressure, or any other reference value. This allows the matric suction (ua-uw) to be
controlled over a wide range of values. Instead of applying a vacuum (negative pressure)
to the pore water and keeping the pore air at atmospheric pressure, positive pore air
pressure is applied while the pore water is kept at atmospheric pressure (Lu and Likos
2004). This technique avoids problems due to cavitation of the pore water, which occurs
when the applied pore suction reaches -1 atm (-100 kPa). Matric suction needs to be
controlled over a greater range than 0 to 100 kPa, and the axis-translation technique
allows this range to be extended to 0 to 1500 kPa or more.
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The axis-translation technique requires the use of high air entry (HAE) stones.
HAE stones are made so that, when saturated, water can pass through the HAE material,
but air cannot pass through until the air pressure applied to the stone reaches the air entry
value of the HAE material. This allows the air pressure and water pressure to be
separated when testing unsaturated soils. It is necessary for all of the pore air within the
soil specimens to be interconnected to the surrounding air so that the pore-air pressure is
changed equally throughout the specimen. Occluded air bubbles can cause inaccurate
estimates of the actual suction of specimens when using the axis-translation technique.
Occluded air bubbles typically occur in soils that have a degree of saturation of 80 % or
greater (Bocking and Fredlund 1980).
Some devices that implement the axis-translation technique are tempe pressure
cells and pressure plates. The next section describes a device that is similar to a pressure
plate apparatus and will be used during this research. The principles behind the axistranslation technique will be clearer after reading the next section.
3.3

GCTS Fredlund Device
The GCTS SWC-150 Fredlund device is a testing system that allows the user to

subject a soil specimen to different suction levels to measure the intake or release of
water within the specimen. This allows the soil-water characteristic curve to be plotted
for the range of suction values applied to the soil specimen. A load frame can be used to
independently apply net vertical stresses to the specimen as well. As with specimens
tested using oedometers, specimens tested in the GCTS device are in a confining ring and
therefore are not allowed to deform in the lateral direction. Different stress paths can be
followed by applying different combinations of suction and stress. The zero net stress
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plane, constant net vertical stress plane, and constant suction plane described in Section
2.3 can be defined using this device. A picture of the GCTS device used in this study is
shown in Figure 3-3, and a schematic drawing of the GCTS device is shown in Figure 34.

Figure 3-3: GCTS Device Used for Laboratory Testing Program
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Figure 3-4: Schematic of the GCTS Fredlund Device (from GCTS Operating Instructions
Manual 2007)

3.3.1

Procedure for Obtaining Soil-Water Characteristic Curves
The testing procedure for measuring the soil-water characteristic curve using the

GCTS device is presented in this section to show how the axis-translation technique is
used to control matric suction.
Soil specimens tested in the device are prepared in a 2.5-inch-diameter, 1-inchhigh stainless steel ring. If the drying SWCC is going to be measured, the specimen is
saturated while in the ring by placing the ring and soil in a container and then filling the
container with water. The water level should be just below the top of the specimen so
that water permeates up from the bottom of the specimen to insure all air within the
specimen can escape from the top. If the wetting curve is to be measured, the specimen
can be placed into the cell at its natural moisture content.
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The bottom plate of the GCTS device has an indention for the placement of a high
air entry (HAE) stone. The air entry pressure of the HAE stone must be matched to the
suction levels that will be applied to the specimen. Typical air entry pressures are 1, 3, 5,
and 15-bars (1-bar =100 kPa). The chosen HAE stone is saturated before being placed
into the indention at the bottom of the GCTS cell. Water is placed in the indention and
then the HAE stone is pushed into the indention creating an air tight seal. Tubes connect
the water in the bottom plate indention to burettes on the panel (see the schematic
drawing in Figure 3-4). It is important that there is good contact between the soil
specimen and the HAE stone to insure that there is a link between the water within the
pores of the specimen and the water within and underneath the HAE stone, which is at
atmospheric pressure. The water within the specimen can now also be assumed to be at
atmospheric pressure. The cell is then closed and air pressure can be applied as well as a
net vertical stress. The compensator shown in Figure 3-4 allows the user to apply net
vertical stress through the load shaft independent of the air pressure applied in the cell.
When air pressure is first applied, water will either leave the specimen or enter the
specimen depending on whether the magnitude of the air pressure is greater than or less
than the magnitude of the soil suction. When measuring the drying curve, the specimen
is saturated initially and there is essentially zero suction. Therefore, the applied air
pressure will force water out of the specimen. Water will stop exiting the specimen when
the matric suction of the soil is equal to the air pressure. The change in the volume of
water in the specimen can be measured using the change in the water level in the burettes.
When the water level stops changing significantly, the specimen is in equilibrium with
the applied air pressure. Equilibrium is reached when the water level does not change by
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more than 0.1 cm3 over a six-hour period with 1- and 3-bar ceramic stones or over a 24hour period with 5- and 15-bar ceramic stones (Pham 2005).
If measuring the wetting curve, the soil is initially unsaturated. If the applied air
pressure is less than the matric suction of the soil, water will enter the specimen until the
matric suction equals the applied air pressure. Equilibrium is reached using the same
criteria stated previously. If the applied air pressure is greater than the matric suction of
the soil, water will leave the specimen until the matric suction equals the applied air
pressure. The water volume changes can be recorded using the water level in the
burettes. By applying a sequence of different air pressures to the soil, a soil-water
characteristic curve can be defined.
The water level in the burettes creates water pressure within the specimen that
must be subtracted from the applied air pressure to obtain an accurate measurement of the
matric suction of the soil specimen. This water pressure is not very significant when
higher air pressures are being applied in the cell, but must be taken into account at lower
matric suction levels.
A simple device called a hanging column can be used in conjunction with the
GCTS device to more accurately measure the air pressure within the cell at air pressures
lower than 5 kPa. The hanging column is a monometer that allows the air pressure to be
measured based on the difference between water levels. A picture of the hanging column
connected to the GCTS device is shown in Figure 3-5.
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Figure 3-5: Hanging Column Accessory with GCTS device

3.4

Null Tests
A null test can be used to estimate the initial suction of a soil specimen (Fredlund

and Rahardjo 1993). Using the Fredlund device or a similar device, air pressure equal to
the estimated matric suction is applied to the soil. If the air pressure is greater than the
actual suction of the soil, water will begin to leave the specimen and the air pressure must
be decreased. If the air pressure is less than the actual suction of the soil, water will
begin to enter the specimen and the air pressure must be increased. Once equilibrium is
reached and water neither enters nor leaves the soil specimen, the air pressure applied can
be considered as the initial matric suction of the soil. The procedure for the null test will
be described in Section 4.5.
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4. RESEARCH PROGRAM
This chapter will present the classification and Proctor compaction test results for
the soils used in this research program. The details and testing procedures of the research
program will then be described. The program was developed to better understand the
collapse behavior of two loessial soils located in West Tennessee.
4.1

Preliminary Testing
Loess was acquired from river bluffs located at Eagle Lake Wildlife Refuge south

of Shelby Forest and about a mile east of the Mississippi River, and at Fulton Wildlife
Refuge along the east bank of the Mississippi River west of Fort Pillow (Figures 4-1 and
4-2). The loess was scraped off the vertical bluffs with a shovel and placed in large
burlap specimen bags. The soil was brought back to the University of Memphis
geotechnical lab, spread out, and broken up to allow moisture to escape. After a week of
air drying, the soil was passed through a No. 4 sieve. Soil that did not pass through the
No. 4 sieve was broken up with a rubber mallet and sieved again. The soil was then
spread out again and allowed to air dry for another week. Afterwards, the moisture
content of the soil was consistently between 2 to 3 percent.
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Figure 4-1 and 4-2: Bluffs at Eagle Lake Wildlife Refuge (left) and Fulton Wildlife
Refuge (right)

4.1.1

Classification Testing Results
Sieve analyses and hydrometer tests were performed in accordance with ASTM

D422 to determine the grain size distribution of the loessial soils. Atterburg limits were
performed in accordance with ASTM D 4318 to classify the soil. The soil was classified
using the Unified Soils Classification System (USCS). The results are shown in Table 41, Figure 4-3, and Table 4-2.

Table 4-1: Atterberg Limits for Eagle Lake and Fulton Loess

Location

Specific
Gravity

Liquid Limit

Plastic Limit

Plasticity
Index

USCS
Classification

Eagle Lake

2.68

25

18

7

CL-ML (Lean
Clay-Lean Silt)

Fulton

2.70

38

25

13

ML (Lean Silt)
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Figure 4-3: Grain Size Distributions for Fulton and Eagle Lake Loess

Table 4-2: Classification of Fulton and Eagle Lake Loess
Classification
% Clay
(<.002

Eagle Lake

Fulton

12.0%

18.0%

(.002

53.0%

82.0%

(.074

35.0%

0.0%

D30 (mm)

0.015

0.01

D60 (mm)

0.061

0.025

mm)

% Silt
mm<x<.074 mm)

% Sand
mm <x<4.75 mm)

According to the USCS, Fulton loess consists of silt and clay while Eagle Lake loess
consists of sand, silt, and clay. The gradation curves shown in Figure 4-3 illustrate that
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Fulton loess is a poorly graded soil while Eagle Lake loess is a gap-graded mix of fine
sand and silt-sized particles.
4.1.2

Proctor Testing and Determination of Specimen Compaction Conditions
Proctor standard compaction tests were performed according to ASTM D698 to

observe the relationship between dry density and water content of each soil. The results
were used to determine the appropriate molding densities and water contents for the loess
specimens. Table 4-3 presents the approximate standard Proctor maximum dry density
and optimum water content for the two soils. Proctor curves are shown in Figures 4-4
and 4-5 along with the zero air voids (ZAV) curves for both soils (they are plotted almost
on top of one another). Figure 4-4 provides the dry unit weight in pounds per cubic foot
and Figure 4-5 provides the dry density in kilograms per cubic meter.

Table 4-3: Standard Proctor Results for Fulton and Eagle Lake Loess

Soil

Maximum Dry
Unit Weight
(lb/ft3)

Maximum Dry
Density
(kg/m3)

Optimum
Moisture Content
(%)

Fulton

106.8

1710

20%

Eagle Lake

119.9

1920

14%
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Figure 4-4: Standard Proctor Compaction Curves for Fulton and Eagle Lake Loess

Figure 4-5: Standard Proctor Compaction Curves for Fulton and Eagle Lake Loess
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A molding moisture content and dry density that would produce a collapsible soil
structure had to be determined to begin the laboratory research program. Figures 4-6 and
Figure 4-7 are presented to interpret the meaning of the dry density and water content of
the soil specimens. These figures show the zero air voids curve and corresponding
curves for 90%, 80%, and 70% saturation as well as the standard Proctor curves for Eagle
Lake and Fulton loess. The standard Proctor curves were translated along the lines of
saturation to show the general location of Proctor compaction curves with maximum dry
densities at 90% and 80% of the standard Proctor maximum density. This assumes that
the line of optimums is parallel to the lines of constant saturation, which is approximately
correct.

Figure 4-6: Interpretation of Dry Density and Molding Water Content for Fulton Loess
Specimens
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Figure 4-7: Interpretation of Dry Density and Molding Water Content for Eagle Lake
Loess Specimens

A dry density equal to 80% of the standard Proctor maximum dry density was
chosen as the initial dry density for the soil specimens. A water content was chosen that
corresponds to 50% saturation for both soils. This water content was calculated as

w

( Gs   w   d )  S
(  d  Gs )

where,
Gs = Specific gravity of solids,

d = Dry density of soil,
w = Density of water,
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(1-14)

S = Degree of saturation,

w = Gravimetric water content.

Figure 4-6 and Figure 4-7 illustrate that the water contents chosen are very dry of the
optimum moisture content that would correspond to 80% of the standard Proctor
compaction energy. These conditions are needed for the specimens to produce collapse.
Table 4-4 shows the dry density, dry unit weight, and molding water contents for both
soils that will be used throughout the research program.

Table 4-4: Dry Density, Dry Unit Weight, and Water Content for all Specimens

4.1.3

Dry Unit Weight

Dry Density

(lb/ft )

(kg/m )

Water Content
(%)

Fulton

85

1368

18%

Eagle Lake

96

1536

14%

Soil Type

3

3

Mixing and Molding Procedure
The amount of water needed to achieve the molding water content was

determined based on the air-dried moisture content of the soil and the mass of soil to be
mixed. The moisture content chosen was about a half a percent higher than the target
moisture content to account for moisture loss during mixing and molding. The soil was
mixed with water using a mortar and pestle and a thin metal spatula. After a small
amount of water was poured into the soil, the soil was mixed with the spatula and crushed
with the pestle. More water was added and the process was repeated until all the required
water was used and the soil appeared to be mixed thoroughly. The soil was then placed
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in two air-tight plastic freezer bags and the moisture content was allowed to equilibrate
for 24 hours. The time that the soil is stored in the plastic bags is called the curing time.
When the curing time was complete, a small specimen of the prepared soil was
weighed and the moisture content was determined under ASTM D 4643 by using a
microwave to evaporate the water within the specimen. A predetermined mass of
prepared soil was then weighed out to insure that the molded specimen would have the
correct density. A mold was fabricated that allows for static compaction of the soil
directly into the 2.5-inch confining ring. The inside of the ring was sprayed and rubbed
with canola oil (PAM®) and allowed to dry (Dr. Evert Lawton, personal communication,
June 22, 2011). The confining ring was inserted in the bottom of the mold and the soil
was placed into the top of the mold. After leveling the soil, a plunger was pushed into the
mold using an unconfined compression device until the top of the plunger was flush with
the top of the mold.
A load cell measured the maximum load applied to create the specimen. The
plunger, mold and confining ring are shown below in Figure 4-8. At this point, the soil
was fully compacted into the confining ring and was flush with the top and bottom of the
ring. Any soil that was not fully flush with the ring was trimmed with a wire saw. The
ring and the compacted soil were then weighed to obtain the exact density of the
specimen. This molding procedure was followed for every test performed in this research
program.
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Figure 4-8: Plunger insert, Mold and confining ring (left to right)

The maximum molding stress recorded was considered the pre-consolidation stress,
or the maximum stress the soil has ever experienced, because the stress history of the soil
was essentially destroyed when the soil was processed. Initially, the specimens were
molded at a deformation rate of about 0.2 inches/min. Oedometer tests performed on
these specimens showed a pre-consolidation stress that was lower than the maximum
molding stress. The deformation rate was lowered to 0.05 inches/min to determine if the
deformation rate affected the maximum stress experienced by the specimen during
molding. The pre-consolidation stress determined from oedometer tests correlated well
with the maximum molding stress at the lower deformation rate (see Sections 5.1 and
5.2). The results suggest that a higher deformation rate during molding creates more side
friction on the specimen, thus the specimen “feels” less stress than what is measured.
4.2

Double Oedometer Testing
Oedometer testing of both Fulton and Eagle Lake loess were performed to

determine the densities and water contents that would provide a sufficient amount of
collapse. It was also desirable to obtain densities and water contents that yielded low
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initial suction values (less than 500 kPa) so the house air supply could be used for testing.
Testing at higher suction values would require an air pressure booster. Low initial suction
values would also insure that the soil was in the funicular regime, which means that the
water would be continuously connected throughout the soil. This allows water to flow
continuously throughout the specimen which allows for accurate testing in the GCTS
Fredlund device.
The double oedometer test begins by molding two identical specimens at the
density and water contents determined in the previous section and presented in Table 4-4.
One specimen is tested in the oedometer at the molding moisture content while the other
specimen is saturated first and then tested. The difference between the two curves shows
the amount of collapse that can occur at different loads. The saturated portion of the
double oedometer test is the zero suction plane boundary of the volume-mass constitutive
surface. The remainder of this section will explain the procedure used to perform the
double oedometer tests.
After molding the soil into the confining ring as described in Section 4.1.3, the
specimen was weighed to determine the exact density and water content of the specimen.
To determine the unsaturated loading curve, the specimen and ring were placed in a
floating ring oedometer with porous stones on the top and bottom of the specimen. Filter
paper was used between the stones and the specimen to prevent any loss of fine particles.
Plastic wrap was then placed over the top of the oedometer and secured with a rubber
band to prevent moisture loss to the air.
Initially, aluminum platens were to be used on the top and bottom of the specimen
since porous stones are not needed because water is not being introduced to the specimen.
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However, single oedometer tests must utilize porous stones because water is introduced
to the specimen. In order to have consistent results between the single and double
oedometer tests, the unsaturated portion of the double oedometer test was performed with
porous stones and filter paper instead. Moisture loss to the filter paper and porous stones
was assumed to have negligible effects on the results.
The specimen was then loaded in the unsaturated condition at the following load
increments for Fulton loess: 26, 57, 119, 180, 233, 486, and 976 kPa (3.8, 8.3, 17.3, 26,
33.8, 70.5, and 142 psi). The following load increments were used for Eagle Lake loess:
26, 57, 119, 233, 486, and 976 kPa (3.8, 8.3, 17.3, 33.8, 70.5, and 142 psi). The stress
increments for each soil are the same except for the added 180 kPa for Fulton, which was
the molding pressure of the specimen. The molding pressure for Eagle Lake was 119 kPa.
The load increment ratio was decreased when the applied stress was near the recorded
molding stress to better define the pre-consolidation stress. The specimens were allowed
to deform under the load until the deformation rate was equal to or less than 0.0002 in/hr.
This was typically attained after three to four hours. The deformation was recorded
continuously for each load increment using the WinSAS™ Data Acquisition system.
To obtain the saturated curve, a conventional oedometer test was performed. The
specimens wanted to swell at low pressures and therefore it was necessary to saturate the
specimens under a small load that was constantly adjusted to prevent the specimens from
swelling out of the confining ring. The same load increments were used for the saturated
specimens as for the unsaturated specimens. The saturated specimens were allowed to
consolidate for 8 to 12 hours per load. After each pair of tests (unsaturated and saturated)
the weights of the specimens at the end of the test and after oven drying were obtained.
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4.3

Single Oedometer Testing
Single oedometer tests were performed to confirm the collapsibility that is

predicted by the double oedometer tests and to determine if the volume change behavior
is stress path independent. The single oedometer test consists of applying a load, called
the flooding stress, to an unsaturated specimen and letting the specimen deform until
reaching equilibrium. The specimen was then flooded with water and the resulting
collapse was observed. Stress path independency can be confirmed if the void ratios of
the soil specimens in the saturated condition are the same for the double and single
oedometer tests. The following will explain the procedure used to perform the single
oedometer tests.
After molding, the confining ring and soil were weighed and placed in a floating
ring oedometer. Porous stones were placed on the top and bottom, and filter paper placed
between the stones and the specimen to prevent the migration of fines during saturation.
Plastic wrap was placed on the top of the oedometer pot and secured to prevent moisture
loss. The specimen was then loaded using the same increments as in the double
oedometer test until the flooding stress value was reached. The flooding stress values
were determined from the double oedometer tests. A value below, above, and
approximately at the pre-consolidation stress were chosen. The following were the
flooding stress values for Fulton loess: 57, 180, and 486 kPa (8.3, 26.1, and 70.5 psi).
The following were the flooding stress values for Eagle Lake loess: 57, 119, and 233 kPa
(8.3, 17.3, and 33.8 psi).
Equilibrium was considered to be reached in the unsaturated condition when the
rate of deformation of the specimen was equal to or less than 0.0002 in/hr. After
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equilibrium was obtained, the specimen was inundated with distilled water. The water
level was filled slightly below the top of the specimen to allow water to permeate up from
the bottom. This should mitigate air entrapment within the specimen. Adding water to
the oedometer pot took about 20 seconds. The specimen was allowed to deform for 8 to
12 hours after flooding.
4.4

Zero Net Vertical Stress Plane Testing
The GCTS device can be used to determine the zero net vertical stress plane of the

constitutive surface. The zero net vertical stress plane defines how the total volume and
the water content change with respect to changes in matric suction under no applied load.
The specimen is initially soaked in a distilled water bath for 24 hours. The specimen
swells as it saturates and therefore an LVDT was used to record the change in height due
to swelling. The specimen did not swell significantly out of the confining ring. After 24
hours of soaking the specimen was placed in the GCTS Fredlund cell on top of a
saturated 5-bar HAE stone. Subsequently, the same procedure outlined in Section 3.3.1
was followed. The weight of the load shaft and load platen that rests on the specimen
was insignificant. The change in height of the specimen was recorded by the change in
position of the load shaft during the test. The soil-water characteristic curve of the soil
under no load was defined by this test.
In addition to measuring the drying curve, the wetting SWCC was measured
starting from the initial matric suction of the specimen to zero matric suction. The
procedure for obtaining the wetting curve was the same procedure for the staged-collapse
tests described in Section 4.6, only there was no applied load.
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4.5

Estimating the Initial Matric Suction
An estimate for the initial matric suction of soil specimens molded at 50%

saturation was needed to perform the constant vertical stress tests, which will be
described in Section 4.6. It can be difficult to obtain an estimate of the initial soil suction
due to the hysteretic nature of the SWCC. Measuring the boundary drying SWCC
provides a maximum value of the soil suction at a degree of saturation of 50%.
Measuring the boundary wetting SWWC provides a minimum value of the soil suction at
a degree of saturation equal to 50%. Drying curves for both soils were obtained and used
as a reference for determining the initial matric suction of the soil specimens. Null tests
were then performed to better estimate the initial matric suction. The following will
explain the procedure used to perform null tests.
After molding the soil into the confining ring, the soil specimen was weighed and
then placed onto a saturated 5-bar HAE stone in the Fredlund device. A load platen was
placed on top of the soil specimen; the load shaft rests on top of the load platen. The
weight of the load platen and load shaft helped maintain good contact between the HAE
stone and the soil. The burettes were filled with water to about half way, and this initial
water level was recorded as the null value. The cell was assembled and a pressure equal
to the estimated suction value was applied to the soil. The water level in the burettes was
monitored to determine if water entered the soil (a decrease in the water level) or if water
exited the soil (an increase in the water level). If the water level increased above the null
level, the applied pressure was decreased. If the water level decreased below the null
level, the applied pressure was increased to maintain the null value. This process was
repeated until a pressure was obtained that maintained the null water level. After the test,
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the specimen was weighed and then oven dried to insure that the water content was the
same as it was when initially molded. After null tests were complete, the initial matric
suction of the molded soil specimens was known.
4.6

Constant Vertical Stress Testing: Staged-Collapse Testing
The constant vertical stress boundary plane of the constitutive surface can be

determined using the Fredlund device. The volume change was recorded for soil
specimens that were under a constant vertical stress while the matric suction was
decreased in increments. The GCTS loading frame was used to apply a constant vertical
stress to the specimen. Then an estimated value of the initial matric suction obtained
from the null tests was applied to the soil. Next, the suction was decreased in steps to
show that collapse is a process rather than an event and is directly related to the decrease
in matric suction.
Three staged-collapse tests were performed using different values for the constant
vertical stress to fully define the constant vertical stress boundary plane. For one test the
estimated pre-consolidation stress (σ'p) was applied to the soil specimen. For the two
other tests a value greater than σ'p and a value less than σ'p were applied. These values
are shown in Table 4-6. The following will describe the procedure for the stagedcollapsed tests.

Table 4-5: Stresses for Constant Vertical Stress Tests
Soil Type

< σ'p (kPa)

σ'p(kPa)

> σ'p (kPa)

Eagle Lake

57

119

233

Fulton

57

180

486
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The molded specimen and confining ring were weighed and then placed onto a
saturated 1-bar stone that was already placed in the indention in the bottom plate of the
GCTS cell. The 1-bar stone was chosen because the estimated initial suction values
found from the null tests were close to 100 kPa. Use of the 1-bar stone decreases the
testing time because the hydraulic conductivity of the stone is higher than for stones with
higher air entry values. The specimen will therefore reach equilibrium faster.
After placement of the specimen onto the saturated stone, the load platen was
placed on top of the specimen and the specimen was gently pressed and twisted onto the
HAE stone to insure good contact. No porous stone was placed on top of the specimen.
The cell wall and top were assembled and an estimate of the initial suction of the soil
specimen was applied inside the cell.
The initial water level is high in the burettes since water will be absorbed into the
specimen. The water level was monitored in the burettes for the first hour to see if water
was being absorbed into the specimen or pushed out. If the water level began to rise, the
applied suction was higher than the matric suction of the specimen and the applied air
pressure was decreased until no water level changes occurred. The specimen was
allowed to come to equilibrium over a 24 hour period. Equilibrium was considered to be
reached when the water levels changed less than 0.1 cm3 over 6 hours, and when the rate
of deformation of the specimen was equal to or less than 0.0002 in/hr. Deformation of
the soil was recorded using an LVDT and the specimen was allowed to deform overnight.
The next day the matric suction was decreased. The changes in matric suction varied
between each test and therefore the values will only be presented with the results of the
tests in Section 5.5. The resulting changes in height and water adsorption were recorded
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until the specimen came to equilibrium. The time to reach equilibrium was generally
about 18 hours. The same process was repeated until the matric suction reached zero.
Initially, two tests were conducted using the following method to insure the
accuracy of the water content measurements. After full saturation, the soil, load platen,
confining ring, and saturated HAE stone were taken out of the device and weighed
without separating the HAE stone from the soil specimen. This was done to be able to
compare the water content of the specimen according to the burrette readings against the
water content according to the difference between the wet and oven-dry weights. The
soil, ring, load platen, and saturated HAE stone were then placed back into the device to
measure the drying SWCC of the collapsed soil. The same load that was on the specimen
during the staged-collapse test was reapplied and the air pressure was then increased
incrementally. The procedure followed the same steps as for measuring a drying SWCC
outlined in Section 3.3.1. There was good agreement between the burette measurements
and the weight measurements. Therefore the other tests relied on the burette readings
alone to determine the gravimetric water content, volumetric water content, and degree of
saturation.
An example of the results obtained from staged-collapse testing is shown in
Figure 4-9 using simulated data. The unsaturated and saturated curves obtained from
double oedometer testing are plotted with the results to show the staged-collapse from the
unsaturated condition to the saturated condition as the suction is decreased. The constant
vertical stress on the specimen is equal to 100 kPa. The matric suction of the specimen in
the unsaturated condition is 60 kPa. The matric suction is decreased to 30 kPa, 15 kPa,
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and 0 kPa, and collapse occurs during each decrement of matric suction until it completes
at 0 kPa.

Suction Decrements

0.79

60 kPa
30 kPa
15 kPa
0 kPa

Void Ratio, e

0.77
0.75
0.73
0.71
Staged-Collapse
Unsaturated Specimen
Saturated Specimen

0.69
0.67
0.65
1

10

100
Vetical Stress (kPa)

1000

10000

Figure 4-9: Example of Staged-collapse Test Results (Simulated Data)

4.7

Constant Soil Suction Plane Testing
Constant soil suction boundary planes of the constitutive surface can also be

determined using the GCTS device. The results of constant soil suction plane testing will
also determine whether the volume change behavior is dependent upon the stress path.
Constant soil suction plane tests consist of recording the change in height of the specimen
as the matric suction is held constant and increments of net vertical stress are applied to
the soil specimen. Soil specimens will be tested at matric suction values that will be
determined from the results of the staged-collapse tests performed at the pre-
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consolidation stress. The staged-collapse tests will provide the changes in specimen
height at each matric suction decrement under the pre-consolidation stress. The values
chosen for the constant suction tests will be at one of the matric suction values that show
an amount of collapse equal to about half of the total amount of collapse. For example,
consider Figure 4-9 that presents the results of a staged-collapse test with a constant
vertical stress equal to 100 kPa. The void ratio as the matric suction is decreased to 30
kPa is about 0.77. A constant suction test can be performed at 30 kPa to determine if the
void ratio will be 0.77 when the load is increased to 100 kPa. If the soil is stress path
independent, the void ratio will be the same when the load reaches 100 kPa, and the plots
of the staged-collapse test and constant suction test results would look similar to the plots
seen in Figure 4-10.

Suction Decrements

0.79

60 kPa
30 kPa
15 kPa
0 kPa

Void Ratio, e

0.77
0.75
0.73
0.71
Staged-Collapse
Unsaturated Specimen
Saturated Specimen
Constant Suction at 30 kPa

0.69
0.67
0.65
1

10

100
Vetical Stress (kPa)

1000

10000

Figure 4-10: Results of a Constant Suction Test and Staged-collapse Test (Simulated
Data)
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A single constant suction test will be performed on each soil using a value of
matric suction determined from the results of the staged-collapse test performed at the
pre-consolidation stress. The constant suction test procedure will begin the same way the
staged-collapse tests begin, by applying a pressure in the GCTS cell equal to the initial
matric suction of the molded specimen (see Section 4.6). After the applied air pressure is
confirmed to be the initial matric suction, the air pressure is decreased to the chosen
constant matric suction value. After the soil reaches equilibrium at the chosen matric
suction, a vertical load will be applied and increased incrementally. The soil will be
allowed to compress after each load increment until equilibrium is reached. Equilibrium
was considered to be reached when the water levels changed less than 0.1 cm3 over 6
hours, and when the rate of deformation of the specimen was equal to or less than 0.0002
in/hr. The load will be increased incrementally to the pre-consolidation stress (molding
stress), then increased past the pre-consolidation stress to define a curve similar to the
constant suction curve shown in Figure 4-10.
The results will allow the three-dimensional void ratio and saturation constitutive
surface to be better defined in the constant soil suction plane. The results will be plotted
in three-dimensional constitutive space to better define the soil behavior.
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5. PRESENTATION OF RESULTS
The collapse behavior of two loessial soils was investigated using the research
program described in Chapter 4. The results of the research program are presented in this
chapter. The results of the double and single oedometer tests are presented in Sections
5.1 and 5.2, and will show how much each soil can potentially collapse over a range of
vertical stresses, and determine stress path independency (see Section 4.3). Section 5.3
presents the measured drying and wetting SWCC for each soil with no load applied, and
will define the zero net vertical stress plane. The estimated initial matric suction values
for the molded soil specimens are described in Section 5.4.
Section 5.5 presents the results of the staged-collapse tests, which will show the
relationship between matric suction and collapse. The collapse behavior will be
illustrated by three-dimensional plots of void ratio and saturation as a function of the
independent stress state variables (matric suction and net normal stress). These threedimensional plots will be called the void ratio constitutive space and the saturation
constitutive space. Drying SWCCs measured for collapsed specimens are presented in
Section 5.6. These drying SWCCs will be compared to the drying SWCCs of the noncollapsed soil. Section 5.7 presents the results of the constant suction tests, which will
help define the constitutive behavior and help determine stress path independency.
Finally, Section 5.8 presents all of the acquired data within the three-dimensional plots of
the void ratio and saturation constitutive spaces.
5.1

Double Oedometer Results
Oedometer testing of both Fulton and Eagle Lake loess took place first to

determine the amount of collapse that occurs at the molding water contents and densities
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presented in Table 4-4. Recall that the double oedometer test consists of molding two
identical specimens at a specified moisture content then testing one specimen in the
oedometer at the molded moisture content while the other specimen is saturated first and
then tested. The difference between the two curves shows the amount of collapse that
can occur over the range of vertical stresses tested. See Section 4.2 for details on the
double oedometer test procedure.
5.1.1

Fulton Loess
Results of the double oedometer test performed on Fulton loess are shown in

Figures 5-1. During the oedometer testing, the stress values applied to the soil were 27,
57, 119, 180, 233, 486, and 976 kPa (3.8, 8.3, 17.3, 26.1, 33.8, 70.4, and 141.5 psi). The
molding pressure for both specimens was recorded as 180 kPa (26 psi). Figure 5-1 shows
that the pre-consolidation stress suggested by oedometer tests corresponds well with the
molding pressure. Figure 5-1 shows that there is a significant amount of collapse for
Fulton loess specimens over the range of vertical stresses applied.
Table 5-1 shows the differences in height, volume and void ratio, and the %
difference in volume for selected values of vertical stress. Note that the % difference in
volume is calculated relative to the volume of the unsaturated specimen at that same
vertical stress.
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Figure 5-1: Double Oedometer Test Results for Fulton Loess

Table 5-1: Double Oedometer Test Results for Fulton Loess

Vertical Stress
(kPa)

Difference in
Height
(cm)

Difference in
Volume

57

0.04

180
486

5.1.2

Difference in
Void Ratio

Difference in
Volume

1.38

0.03

1.7%

0.21

6.77

0.16

8.6%

0.20

3.76

0.09

5.3%

(cm3)

Eagle Lake Loess
The results shown in Figure 5-2 were obtained by testing two identical Eagle

Lake loess specimens. The stress values applied to the soil were 26, 57, 119, 233, 486,
and 979 kPa (3.8, 8.3, 17, 33.8, 70.4, and 142 psi). The molding pressure was recorded
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as 119 kPa (17 psi) for both specimens, which agrees well with the pre-consolidation
stress suggested by the unsaturated oedometer plot. Figure 5-2 illustrates that there is a
significant amount of collapse for Eagle Lake loess specimens.

Figure 5-2: Double Oedometer Test Results for Eagle Lake Loess

Table 5-2 shows the differences in height, volume and void ratio, and the %
difference in volume for selected values of vertical stress.
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Table 5-2: Double Oedometer Test Results for Eagle Lake Loess

Difference in
Volume

Vertical Stress
(kPa)

Difference in
Height
(cm)

57

0.19

(cm3)
6.02

119

0.25

233

0.17

Difference in
Void Ratio

Difference in
Volume

0.13

7.5%

7.94

0.17

10.1%

5.49

0.12

7.5%

The double oedometer tests have confirmed that both soils are collapsible at the
compaction conditions used in the research program. The results of the single oedometer
tests will be presented next and will be compared to the double oedometer test results.
5.2

Single Oedometer Results
Single oedometer tests were performed to confirm the results of the double

oedometer tests and to determine if the collapse behavior is dependent upon the stress
path (refer to Section 4.3). The single oedometer test consists of applying a load to an
unsaturated specimen and allowing the specimen to come to equilibrium. The specimen
is then flooded with water and the resulting collapse is observed (See Section 4.3 for
details).
5.2.1

Fulton Loess
Figure 5-3 shows the results of three single oedometer tests performed on Fulton

loess specimens compacted under the same conditions stated in Section 4.4. The results
are overlaid on the results from the double oedometer test. Table 5-3 presents the change
in height, change in volume, change in void ratio, and the % change in volume for each
single oedometer test perfomed. Note that the % change in volume is calculated relative
to the volume of the specimen immediately prior to flooding.
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The molding pressure was recorded at 180 kPa (26 psi) for all specimens, which
was the same as the molding pressure for the specimens tested using the double
oedometer method. The specimens were then loaded to one of three different stress
values: a value less than σ'p, a value at σ'p, and greater than σ'p. These values were 57,
180, and 486 kPa (8.3, 26, and 70.4 psi), respectively. The specimens were saturated
after reaching equilibrium in the unsaturated state, which was assumed to have occurred
when the deformation slowed to 0.0002 in/hr. The single oedometer results correlate
well with the double oedometer results, however, the deformations obtained from the
single oedometer tests were always slightly less than the deformations obtained from the
double oedometer tests.
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Figure 5-3: Single Oedometer Test Results for Fulton Loess
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10000

Table 5-3: Single Oedometer Test Results for Fulton Loess

Vertical Stress
(kPa)
57
180
486

5.2.2

Change in
Height
(cm)
0.05
0.19
0.08

Change in
Volume
3

(cm )
1.47
5.97
2.68

Change in
Void Ratio

Change in
Volume

0.04
0.15
0.07

1.8%
7.6%
3.7%

Eagle Lake Loess
Figure 5-4 presents the results of the single oedometer tests overlaid on the results

from the double oedometer test. Table 5-4 presents the changes in height, volume, and
void ratio, and the % change in volume for each single oedometer test. The molding
pressure was recorded at 119 kPa (17.3 psi) for all specimens, which is equal to the
molding pressure of the specimens tested using the double oedometer method. The
specimens were loaded to one of three different stress values: 57, 119, and 233 kPa (8.3,
17.3, and 33.8 psi). The specimens were saturated after reaching equilibrium in the
unsaturated state. The single oedometer results correlate fairly well with the double
oedometer results.
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Figure 5-4: Single Oedometer Test Results for Eagle Lake Loess

Table 5-4: Single Oedometer Tests Results for Eagle Lake Loess

Vertical Stress
(kPa)
57
119
233

Change in
Height
(cm)
0.21
0.26
0.19

Change in
Volume
3

(cm )
6.58
8.31
6.01

Change in
Void Ratio

Change in
Volume

0.14
0.18
0.13

8.3%
10.6%
8.2%

Interestingly, unlike the results of the Fulton loess single oedometer tests, collapse
was always slightly greater than the collapse observed from double oedomter testing.
Inevitably specimen variance will contribute to differences in specimen deformation, but
perhaps the consistency of the final void ratios above the saturated curve for Fulton loess
and below the saturated curve for Eagle Lake indicates that sandy loess specimens will
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reach a higher degree of saturation when a load is first applied and subsequently saturated
than when specimens are saturated under no load and subsequently loaded. The opposite
would be true of Fulton specimens.
If this hypothesis is valid, the void ratio and degree of saturation of the soils are
dependent upon the followed stress path. The results of the measured SWCCs, stagedcollapse tests, and constant suction tests will help confirm the validity of this supposition.
Once the results from all of the tests are presented, the results of the single and double
oedometer results will be revisited and discussed in Chapter 6.
5.3

Zero Net Vertical Stress Plane Results
The plot of the zero net vertical stress plane is just the measured soil-water

characteristic curve of the soil with no load applied. Partial drying and wetting soil-water
characteristic curves were measured using the GCTS Fredlund device. Two identical
specimens were used to measure the wetting and drying SWCC. First, the drying SWCC
was measured on one specimen followed by the wetting SWCC on an identical specimen.
The procedure for measuring the wetting SWCC is the same as the staged-collapse test
procedure outlined in 4.6.1, except no load was applied. Details for measuring wetting
and drying SWCC using the GCTS device are presented in Section 3.3. See Section 5.4
for more information on the initial matric suction value of the measured wetting SWCC.
The water retention behavior of the soil under no load will be defined with these SWCC.
5.3.1

Fulton Loess
Figures 5-5, 5-6, and 5-7 show the degree of saturation, volumetric water content,

and gravimetric water content, respectively, as a function of matric suction. The
beginning values for degree of saturation, gravimetric water content, and volumetric
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water content for the drying curve are similar to the values that complete the wetting
curve. Differences in these values are due to differences in the amount of swelling of
each specimen. The highest degree of saturation that the specimens were able to reach
was about 92% due to air entrapment within the specimen. The air entry value can be
estimated from the drying SWCC and appears to be about 5 kPa. The hysteresis between
the drying and wetting curves can be attributed to the causes of hysteresis described in
Section 2.2.5.
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Figure 5-5: Degree of Saturation vs. Matric Suction for Fulton Loess

66

0.6
Drying SWCC
Wetting SWCC

Volumetric Water Content

0.5
0.4
0.3
0.2
0.1
0
0.1

1

10
100
1000
Matric Suction (kPa)

10000

100000

Figure 5-6: Volumetric Water Content vs. Matric Suction for Fulton Loess
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Figure 5-7: Gravimetric Water Content vs. Matric Suction for Fulton Loess
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5.3.2

Eagle Lake Loess
The partial wetting and drying curves for Eagle Lake specimens are presented in

Figures 5-8, 5-9, and 5-10. The air entry value of the drying curve was not well defined
after measuring the drying curve. Therefore, after measuring the wetting curve, the
drying curve was measured again at lower matric suctions to better define the drying
SWCC. The drying curve measured first is labeled “Drying SWCC 1” and the drying
curve measured later is labeled “Drying SWCC 2.” The drying curves show the same
water retention behavior and indicate repeatable measurements for the drying SWCC.
The air entry value appears to be about 2 kPa, slightly lower than the air entry
value of Fulton specimens. The wetting curve of Eagle Lake loess does not have a lot of
definition because the specimen continues to imbibe water at very low suctions. The
final degree of saturation for the wetting curve and the beginning degree of saturation for
the drying curve are about 84% due to air entrapment within the specimen. Eagle Lake
specimens did not reach as high of a degree of saturation, volumetric water content, or
gravimetric water content as Fulton Specimens due to the sand component of the
specimens.
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Figure 5-8: Degree of Saturation vs. Matric suction for Eagle Lake Loess
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Figure 5-9: Volumetric Water Content vs. Matric Suction for Eagle Lake Loess
69

30%

Gravimetric Water Content (%)

Drying SWCC 1
25%

Drying SWCC 2
Wetting SWCC

20%
15%
10%
5%
0%
0.1

1

10
100
1000
Matric Suction (kPa)

10000

100000

Figure 5-10: Gravimetric Water Content vs. Matric Suction for Eagle Lake Loess

Thus far the zero net vertical stress plane and the zero net suction plane have been
measured for both soils. The initial matric suction of the molded soil specimens is
needed to begin investigating the relationship between matric suction and collapse.
These tests are presented next.
5.4

Initial Matric Suction Results
The initial matric suction of specimens can be hard to pinpoint due to the hysteretic

nature of the soil-water characteristic curve. The results of the measured drying and
wetting SWCC with no load applied and the results of null tests were used to estimate the
initial matric suction values. The drying SWCCs was used to estimate a maximum value
of initial soil suction by determining the matric suction value that corresponded to 50%
saturation, which was the target value used to mold the specimens. From Figures 5-5 and
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5-8 the matric suction corresponding to 50% saturation is about 100 kPa for Fulton and
about 80 kPa for Eagle Lake.
Null tests were performed next to better define the initial matric suction of the soil
at 50% saturation on the wetting curve, since collapse is due to wetting of the soil. There
are an infinite number of scanning curves in between the primary wetting and drying
curves (see Figure 2-7), which means that the suction at 50% saturation will vary
depending on which scanning curve the soil is on and whether the soil is on a wetting or
drying curve. Each time a staged-collapse test was performed, a null test was performed
to begin the test. The procedure for performing a null test is outlined in Section 4.5. The
results of all of these null tests showed consistently that the initial matric suction with no
load applied was about 85 kPa for Fulton Loess and between 30 kPa and 40 kPa for Eagle
Lake loess.
Applying a load to the specimen will also affect the initial matric suction. A
vertical load typically decreases the matric suction of the specimen by decreaseing the
void ratio of the specimen, which increases the degree of saturation. Therefore the initial
suction will be lower for staged-collapse tests at higher vertical stress values. The results
of the staged-collapse tests are presented next.
5.5

Constant Vertical Stress Boundary Plane Results
Constant vertical stress boundary plane tests, also known as staged-collapse tests,

were performed at several stresses to determine the relationship between matric suction
and collapse. The matric suction was decreased in steps under a constant vertical stress
and the resulting collapse was measured. The stress paths at the pre-consolidation stress
are plotted in void ratio and saturation constitutive space to illustrate the constant vertical
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stress boundary planes of the constitutive surface. See Section 4.6 for details on the
testing procedure.
5.5.1

Fulton Loess
Staged-collapse tests were conducted at net vertical stresses of 57, 180, and 486

kPa (8.3, 26, and 70.4 psi), which are the same stresses used for the single oedometer
tests described in Section 5.2. Figure 5-11 shows the change in void ratio during each
staged-collapse test overlaid on the double oedometer test results. The amount of
collapse correlates relatively well with the double oedometer results.
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Figure 5-11: Staged-Collapsed and Double Oedometer Results for Fulton Loess

Figure 5-12 and 5-13 show the change in void ratio for each staged-collapse test
as a function of matric suction and degree of saturation, respectively. Also shown in
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these figures is the results of tests conducted with no applied vertical stress to better
interpret how applied loads affect the water retention and volume change behavior of
collapsible soils. Figures 5-14 and 5-15 show the corresponding wetting SWCCs in
terms of degree of saturation and gravimetric water content, respectively.

1.2
0 kPa
57 kPa
180 kPa
486 kPa

Void Ratio, e

1.1
1
0.9
0.8
0.7
0.6
0

20

40
60
Matric Suction (kPa)

80

Figure 5-12: Void Ratio vs. Matric Suction for Fulton Loess
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Figure 5-13: Void Ratio vs. Degree of Saturation for Fulton Loess
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Figure 5-14: Degree of Saturation vs. Matric Suction for Fulton Loess
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Figure 5-15: Gravimetric Water Content vs. Matric Suction for Fulton Loess

At a vertical stress of 57 kPa, collapse initiated as the matric suction was
decreased from 4 kPa to 1.6 kPa, which corresponds to degrees of saturation of 78% and
91%. The soil ceased to collapse at a degree of saturation of about 91%. The soil did not
imbibe any more water after reducing the suction lower than 1.6 kPa due to air entrapped
within the soil.
At a vertical stress of 180 kPa (the molding stress), collapse initiated upon
decreasing the suction from 60 kPa to 30 kPa, which corresponds to degrees of saturation
of 54% and 57%. The collapse continued until it reached a plateau from 10 kPa to 7 kPa,
which corresponds to degrees of saturation of 76% and 81%. The soil continued to
collapse after decreasing the suction from 7 kPa to 5 kPa corresponding to 81% and 92%
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saturation. No collapse is seen after the suction was decreased past 5 kPa. The soil
imbibed water until reaching a degree of saturation of 96%.
At a vertical stress of 486 kPa, collapse initiated as the matric suction was
decreased from 30 kPa to 20 kPa, which corresponds to degrees of saturation of 69% and
75%. Collapse continued until the matric suction reached 10 kPa, corresponding to a
degree of saturation of 90%, after which insignificant collapse occurred. The soil
imbibed water until reaching a degree of saturation close to 100%.
As seen in Figure 5-14, specimens have a higher degree of saturation at a given
matric suction as the applied load increases. The air-occlusion value, which is analogous
to the air entry value on the drying curve (see Section 2.2.4) appears to increase with
increasing vertical stress. However, Figure 5-15 shows that the gravimetric water
contents at different vertical stresses are very similar within the transition section of the
SWCC (see Section 2.2.4). The gravimetric water contents at low matric suctions
decrease with increasing load because the void space deceases.
Figure 5-16 is presented to illustrate the stress path that is followed during the
staged-collapse test. Figure 5-16 shows the stress path followed for the staged-collapse
test at σ'p within the three-dimensional space of void ratio, matric suction, and net vertical
stress. First the load was increased to the σ'p, and then the matric suction was decreased
in stages. Only the staged-collapse test performed at the σ'p is presented so that the stress
path is presented clearly.
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Figure 5-16: Void Ratio Stress Path for Staged-Collapse Test at σ'p for Fulton Loess

The Figure 5-17 is a plot of the stress path of the staged-collapse test at the preconsolidation stress within the three-dimensional space of saturation, matric suction, and
net vertical stress. The saturation slightly increased as the load was applied, and then the
saturation increased with every decrement of matric suction.

77

1.0

Saturation, S

0.9
0.8
0.7
0.6
0.5
0.4

0

20

50

40

Ma
tri

60

cS

100

ucti
o

80
100
n (k
200
Pa)

150

ti
Ver
Net

cal

s(
tres

)
kPa

S

Figure 5-17: Saturation Stress Path for Staged-Collapse Test at σ'p for Fulton Loess

5.5.2

Eagle Lake Loess
Staged-collapse tests were conducted at net vertical stresses of 57, 119, and 233

kPa (8.3, 17.3, and 33.8 psi), which are the same stresses used for the single oedometer
tests. Figure 5-18 shows the change in void ratio during each staged-collapse test
overlaid on the double oedometer test results. Except for the amount of collapse
observed under 233 kPa of vertical stress, the amount of collapse agrees relatively well
with the double oedometer results.
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Figure 5-18: Staged-Collapse and Double Oedmeter Results for Eagle Lake Loess

Figure 5-19 and 5-20 show the change in void ratio for each staged-collapse test
as a function of matric suction and degree of saturation, respectively. Also shown in
these figures is the result of tests conducted with no applied vertical stress to better
interpret how applied loads affect the water retention and volume change behavior of
collapsible soils. Figures 5-21 and 5-22 show the corresponding wetting SWCCs in
terms of degree of saturation and gravimetric water content, respectively.
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Figure 5-19: Void Ratio vs. Matric Suction for Eagle Lake Loess
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Figure 5-20: Void Ratio vs. Degree of Saturation for Eagle Lake Loess
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Figure 5-21: Degree of Saturation vs. Matric Suction for Eagle Lake Loess
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Figure 5-22: Gravimetric Water Content vs. Matric Suction for Eagle Lake Loess
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At a constant net vertical stress of 57 kPa, collapse initiated as the matric suction
was decreased from 6 kPa to 2 kPa, corresponding to degrees of saturation of 59% and
72%, respectively. No collapse was observed from matric suction values of 2 kPa to 0.3
kPa, which corresponds to degrees of saturation of 71% and 83 %. Collapse then
continued as the matric suction was decreased below 0.3 kPa. The final degree of
saturation after full collapse was 93%.
At a constant net vertical stress of 119 kPa, collapse initiated as the matric suction
was decreased from 20 kPa to 10 kPa, which corresponds to degrees of saturation of 55%
and 63%. No collapse was seen when the matric suction was decreased from 7 kPa to 2
kPa, which correspond to degrees of saturation of 80% and 87%. Collapse continued
when the matic suction was decreased to 0.5 kPa, corresponding to a degree of saturation
of 96%, after which the specimen ceased collapsing upon further decrements. Collapse
appeared to be complete when the specimen reached about 96% saturation.
At a constant net vertical stress of 233 kPa, collapse initiated as the matric suction
was decreased from 10 kPa to 6 kPa, corresponding to degrees of saturation of 69% and
79%, respectively. Collapse continued as the matric suction was decreased from 6 to 2
kPa, corresponding to degrees of saturation of 79% and 88%, respectively. No further
collapse was observed after decreasing the matric suction below 2 kPa. The final degree
of saturation was 98%.
The results of the Eagle Lake loess staged-collapse tests show correlations similar
to those of the Fulton loess tests. Figure 5-21 shows that specimens have a higher degree
of saturation at a given matric suction as the applied load increases. The air-occlusion
value appears to increase with increasing vertical stress. Figure 5-22 shows that the
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gravimetric water contents at different vertical stresses are very similar within the
transition section of the SWCC. The gravimetric water contents at low matric suctions
decrease with increasing load because the void space deceases. The final amount of
collapse observed for the test at a vertical stress of 233 kPa shows poor agreement with
the amount of collapse suggested by the double oedometer test results. The difference
could be due to sample variance and differences between applying loads with the
oedometer and the Fredlund device. Potential problems with testing procedures and
equipment are discussed in Chapter 6.
Figure 5-23 shows the stress path followed for the staged-collapse test at σ'p
within the three-dimensional space of void ratio, matric suction, and net vertical stress.
First the load was increased to the σ'p, and then the matric suction was decreased in
stages.
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Figure 5-23: Void Ratio Stress Path for Staged-collapse Test at σ'p for Eagle Lake Loess

The Figure 5-24 is a plot of the stress path of the staged-collapse test at the preconsolidation stress within the three-dimensional space of saturation, matric suction, and
net vertical stress. The saturation slightly increased as the load was applied, and then the
saturation increased with every decrement of matric suction.
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Figure 5-24: Saturation Stress Path for Staged-collapse Test at σ'p for Eagle Lake Loess

The results of staged-collapse tests have been presented to determine if there is a
unique relationship between matric suction and collapse. The results show that matric
suction is the main factor in maintaining the strength of loess in the unsaturated
condition. There are decrements of matric suction where no collapse occurs even after
collapse has initiated. These decrements, if valid, would disprove that there is a unique
relationship between matric suction and collapse. However, these decrements are
believed to be the results of the nature of the axis translation technique and will be
discussed in Section 6.3.
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5.6

Drying SWCC of Collapsed Soil vs. Non-Collapsed Soil
In this section the measured drying SWCCs for collapsed Fulton and Eagle Lake

specimens are presented. After the staged-collapse tests were performed at the preconsolidation pressure, drying SWCCs were measured. The SWCCs could only be
conducted up to a matric suction of 100 kPa because the staged-collapse tests were
performed using the 1-bar stone. Drying SWCCs of the collapsed specimens will be
presented along with the drying SWCCs for the uncollapsed specimens presented in
Section 5.3. The differences in water retention behavior of the collapsed soil and noncollapsed soil will be discussed in Section 6.3.
5.6.1

Fulton Loess
Figures 5-25, 5-26, and 5-27 present the gravimetric water content, degree of

saturation, and volumetric water content, respectively, as a function of the matric suction
in the collapsed and non-collapsed condition.
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Figure 5-25: Gravimetric Water Content vs. Suction for Collapsed and Non-Collapsed
Fulton Loess
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Figure 5-26: Degree of Saturation vs. Suction of Collapsed and Non-Collapsed Fulton
Loess
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Figure 5-27: Volumetric Water Content vs. Suction for Collapsed and Non-Collapsed
Fulton Loess

All of the figures show that the air entry value (AEV) of the soil in the collapsed
condition is higher than the soil in the non-collapsed condition. The AEV of the soil in
the collapsed condition is about 20 kPa, and the AEV of the soil in the non-collapsed
condition is about 5 kPa. The decreased void ratio of the soil in the collapsed condition
increases the soil’s ability to retain water. Figure 5-25 shows that the gravimetric water
content required to reach maximum saturation is less for the soil in the collapsed
condition than in the non-collapsed condition. This is accurate because the void content
of the soil in the collapsed condition is less than for the soil in the non-collapsed
condition, therefore not as much water can occupy the void space of the soil in the
collapsed condition.
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From Figure 5-27 it is apparent that the volumetric water content at saturation for
the collapsed soil is lower than the volumetric water content at saturation for the noncollapsed soil. Figure 5-26 and 5-27 show that the collapsed soil can retain a higher
saturation and higher volumetric water content than the non-collapsed soil in the
transition zone of the SWCC (on the slope of the SWCC). However, the gravimetric
water content is approximately the same for the collapsed soil as for the non-collapsed
soil in the transition zone. The gravimetric water content results suggest that the soil will
maintain approximately the same gravimetric water content at values of matric suction
within the transition zone regardless of the applied vertical stress.

5.6.2

Eagle Lake Loess
Figures 5-28, 5-29, and 5-30 present the gravimetric water content, degree of

saturation, and volumetric water content, respectively, as a function of the matric suction
in the collapsed condition and non-collapsed condition.
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Figure 5-28: Gravimetric Water Content vs. Suction for Collapsed and Non-Collapsed
Eagle Lake Loess

Degree of Saturation (%)

100%
90%

Collapsed

80%

Non-Collapsed

70%
60%
50%
40%
30%
20%
10%
0%
0.1

1

10

100
1000 10000 100000 1000000
Matric Suction (kPa)

Figure 5-29: Degree of Saturation vs. Suction for Collapsed and Non-Collapsed Eagle
Lake Loess
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Figure 5-30: Volumetric Water Content vs. Suction for Collapsed and Non-collapsed
Eagle Lake Loess

All the figures show that the AEV of the soil in the collapsed condition is higher
than the soil in the non-collapsed condition. The AEV of the soil in the collapsed
condition is about 10 kPa and the AEV of the soil in the non-collapsed condition is about
2 kPa. The figures show that the collapsed soil has lower gravimetric and volumetric
water contents at saturation than the non-collapsed soil. Except at values of matric
suction less than about 2 kPa, Figures 5-28 to 5-30 show that the gravimetric water
content, volumetric water content, and degree of saturation of the collapsed soil are
higher for a given matric suction within the transition zone than the non-collapsed soil.
Unlike the collapsed Fulton specimen, the collapsed Eagle Lake specimen retains
a slightly higher gravimetric water content than the non-collapsed specimen at the
transition zone, whereas the gravimetric water content was the same for both the
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collapsed and non-collapsed Fulton specimens. However, as the matric suction increases,
the drying SWCC of the collapsed Eagle Lake does appear to be approaching the drying
SWCC of the non-collapsed specimen.
5.7

Constant Soil Suction Boundary Plane Results
Results of constant suction paths will be presented in this section. These tests will

help define the constitutive behavior of the soils and help to determine the uniqueness of
the constitutive surfaces. Only one test was performed per soil type at a constant suction
value that was determined by the staged-collapse tests. The constant suction values
chosen were 20 kPa and 10 kPa for Fulton and Eagle Lake, respectively. These values
were chosen because the soil collapsed significantly, but not completely, under the preconsolidation stress at these matric suction values. The uniqueness of the void ratio and
saturation constitutive surfaces can be verified if the void ratio and degree of saturation of
the staged-collapse test are the same as the void ratio and degree of saturation of the
constant suction test at the same vertical stress and matric suction. See Section 4.7 for
details on the testing procedure.
5.7.1

Fulton Loess
A constant suction test was performed at a matric suction of 20 kPa. Table 5-5

presents the volume-mass properties of the constant suction test at the same vertical
stresses used for single oedometer tests and staged-collapse tests. Figure 5-31 shows the
resulting constant suction paths along with the double oedometer results for reference.
Figure 5-31 also shows the data point corresponding to a matric suction of 20 kPa from
the staged-collapse test at the pre-consolidation stress to determine if volume change is
dependent upon the loading and wetting sequence.
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Table 5-5: Volume-Mass Properties as Net Vertical Stress Increases at Constant Suction
of 20 kPa for Fulton Loess

Matric
Suction
(kPa)

Net Vertical
Stress
(kPa)

Void Ratio

20

57

0.978

0.207

0.283

0.572

20

180

0.898

0.212

0.302

0.638

20

486

0.692

0.214

0.341

0.834
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Figure 5-31: Void Ratio vs. Vertical Stress at Constant Suction of 20 kPa for Fulton
Loess

Figure 5-31 shows that the specimen has a lower pre-consolidation stress than the
unsaturated specimen tested in the oedometer but a higher pre-consolidation stress than
the saturated specimen. The figure also shows that the void ratio at a vertical stress of
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180 kPa and constant matric suction of 20 kPa is 0.898, while the void ratio at the same
vertical stress and matric suction is 0.871 for the staged-collapse test. The results may
indicate that the void ratio is stress path dependent, although specimen variance could
contribute to the difference as well as inaccuracies involved with the testing equipment.
Table 5-6 compares the void ratios obtained from staged-collapse testing and constant
suction testing at the same stress states. The void ratios are very similar at 57 kPa, but
vary more as the vertical stress increases.

Table 5-6: Comparison of Void Ratio at Same Vertical Stress and Matric Suction for
Staged-Collapse Tests and Constant Suction Tests done on Fulton Loess

Vertical Stress (kPa)
57
180
Consant
StagedConsant StagedSuction
Collapse
Suction Collapse
Test
Test
Test
Test
0.978

0.976

0.898

0.871

486
Consant StagedSuction Collapse
Test
Test
0.692

0.736

Although the void ratios are different, the degrees of saturations are similar at the
same vertical stress and matric suctions. Table 5-7 compares the degrees of saturation for
the constant suction tests and staged-collapse tests. The degree of saturation varies the
most at the high stress value.
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Table 5-7: Comparison of Degree of Saturation at Same Vertical Stress and Matric
Suction for Staged-Collapse Tests and Constant Suction Tests done on Fulton Loess

Vertical Stress (kPa)
57
180
Consant
StagedConsant StagedSuction
Collapse
Suction Collapse
Test
Test
Test
Test
57%

53% to 60%

64%

63%

486
Consant StagedSuction Collapse
Test
Test
83%

75%

The final degree of saturation in Figure 5-31 at a vertical stress of 486 kPa is
83.4%, which means that the soil contains a significant amount of air in the soil structure.
Figure 5-31 shows that the void ratio at a vertical stress of 486 kPa is very close to the
void ratio of the saturated soil. At this point the matric suction was reduced to determine
if the soil would collapse more if further saturated. The specimen did not collapse further
upon decreasing the suction to 0, however the degree of saturation increased to about
97%.
Figure 5-32 and 5-33 are the plots of the constant suction stress path at 20 kPa in
void ratio and degree of saturation constitutive space. The void ratio does not change
significantly as the suction is decreased from the initial suction value to 20 kPa, but the
degree of saturation increases. The void ratio decreases and the degree of saturation
increases with each increment of vertical stress.
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Figure 5-32: Void Ratio Stress Path for Constant Suction Test at 20 kPa for Fulton Loess
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Figure 5-33: Saturation Stress Path for Constant Suction Test at 20 kPa for Fulton Loess
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5.7.2

Eagle Lake Loess
A constant suction test was performed on Eagle Lake at a matric suction of 10

kPa. Table 5-8 presents the volume-mass properties of the constant suction test at the
vertical stress values applied during single oedometer and staged-collapse testing.
Figure 5-34 shows the resulting constant suction path along with the double oedometer
results for reference. Figure 5-34 also shows the data point corresponding to a matric
suction value of 10 kPa from the staged-collapse test at the pre-consolidation stress to
determine if volume change is dependent upon the loading and wetting sequence.

Table 5-8: Volume-Mass Properties as Net Vertical Stress Increases at Constant Suction
of 20 kPa for Eagle Lake Loess
Matric
Suction
(kPa)

Net Vertical
Stress
(kPa)

Void Ratio

10

57

0.739

0.148

0.228

54%

10

119

0.640

0.154

0.252

65%

10

233

0.509

0.155

0.275

82%

Gravimetric
Volumetric
Water Content Water Content
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Degree of
Saturation
(%)

0.80
0.75
0.70

Matric Suction = 10 kPa
during staged collapse
test

Void Ratio, e

0.65
0.60
0.55
0.50
0.45

Saturated
Unsaturated
Constant Suction at 10 kPa
Collapse Test at 118 kPa

0.40
0.35
0.30
1

10

100
Vertical Stress (kPa)

1000

10000

Figure 5-34: Void Ratio vs. Vertical Stress at Constant Suction for Eagle Lake Loess

Figure 5-34 shows that the specimen has a lower pre-consolidation stress than the
unsaturated specimen tested in the oedometer but a higher pre-consolidation stress than
the saturated specimen. The figure also shows that the void ratio at a vertical stress of
119 kPa and a constant matric suction of 10 kPa is 0.64, while the void ratio at the same
vertical stress and matric suction is 0.673 for the staged-collapse test. Unlike the results
of Fulton specimens, the void ratio is higher during the staged-collapse test. Table 5-9
compares the void ratios obtained from staged-collapse testing and constant suction
testing. Similar to the constant suction test performed on Fulton loess, the void ratios are
similar at 57 kPa but vary more as the vertical stress increases.
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Table 5-9: Comparison of Void Ratio at Same Vertical Stress and Matric Suction for
Staged-Collapse Tests and Constant Suction Tests done on Eagle Lake Loess

Vertical Stress (kPa)
57
119
Consant
StagedConsant StagedSuction
Collapse
Suction Collapse
Test
Test
Test
Test
0.739

0.747

0.640

0.673

233
Consant StagedSuction Collapse
Test
Test
0.509

0.600

Also similar to the Fulton results, the degrees of saturation at the same matric
suction and vertical stress correspond well. Table 5-10 compares the degrees of
saturation for the constant suction tests and staged-collapse tests at the same matric
suction and vertical stress values. The degrees of saturation vary more with increasing
vertical stress.

Table 5-10: Comparison of Degree of Saturation at Same Vertical Stress and Matric
Suction for Staged-Collapse Tests and Constant Suction Tests done on Eagle Lake Loess

Vertical Stress (kPa)
57
119
Consant
StagedConsant StagedSuction
Collapse
Suction Collapse
Test
Test
Test
Test
54%

55%

65%

63%

233
Consant StagedSuction Collapse
Test
Test
82%

69%

Figure 5-35 and 5-36 show the constant suction stress path at 10 kPa in void ratio
and degree of saturation constitutive space. The void ratio did not change significantly as
the suction was decreased to 10 kPa, but the degree of saturation increased. As the load
was applied, the void ratio decreased and the degree of saturation increased.
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Figure 5-35: Void Ratio Stress Path for Constant Suction Test at 10 kPa for Ealge Lake
Loess
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Figure 5-36: Saturation Stress Path for Constant Suction Test at 10 kPa for Eagle Lake
Loess

5.8

Summary of the Results as a Constitutive Surface
The measured constitutive boundary planes for all tests involving wetting and

loading of the soil will be plotted together in this section to visualize the constitutive
surface for each soil. The tests that will make up the data for the plots are the saturated
portion of the double oedometer test, the staged-collapse tests, the constant suction test,
and the wetting SWCC with no load applied to the soil. No drying SWCCs are included
in the data because the focus is on collapse, which consists of loading and wetting
processes. The higher vertical stress values of the double oedometer test will not be
included.
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5.8.1

Fulton
Figure 5-37 and 5-38 are plots of all data for the void ratio constitutive surface

and degree of saturation constitutive surface, respectively, for remolded Fulton loess.
Note that none of the figures are based on log scales. The data shows the change in void
ratio and degree of saturation for changes in the stress state variables vertical stress and
matric suction. There are a few isolated points from the constant suction tests that are at
their own vertical stress values. The other points are from the staged-collapse tests, the
wetting SWCC test, and the double oedometer test.
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Figure 5-37: Void Ratio Constitutive Surface Data for Fulton Loess
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Figure 5-38: Degree of Saturation Constitutive Surface Data for Fulton Loess

5.8.2

Eagle Lake
Figure 5-39 and 5-40 are plots of the void ratio constitutive surface and degree of

saturation constitutive surface, respectively, for remolded Eagle Lake loess.
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Figure 5-39: Void Ratio Constitutive Surface Data for Eagle Lake Loess
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Figure 5-40: Degree of Saturation Constitutive Surface Data for Eagle Lake Loess

The results of all of the tests performed in this thesis have been presented in this
section. The next chapter presents discussions and interpretations of all of the testing
results presented in this chapter.
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6.

DISCUSSION AND INTERPRETATION OF RESULTS
The results of the laboratory research program are discussed and interpreted in this

chapter. Potential problems with testing procedures and testing equipment are discussed.
The collapse behavior of each soil type is discussed and compared. The results will be
compared to results obtained from the literature.
6.1

Double and Single Oedometer Results
The double and single oedometer results presented in Sections 5.1 and 5.2 are

consistent with results observed in the literature for compacted, collapsible soils. It was
determined from the single and double oedometer results that each soil collapses
significantly at the densities and molding water contents chosen for this thesis. Overall,
Eagle Lake specimens collapsed more than Fulton specimens at the chosen densities and
molding water contents.
The double and single oedometer tests correlated relatively well for both soils.
The differences could be attributed to air entrapment during the single oedometer tests
and unavoidable specimen variation. Masswoswe (1985) provided results that showed
that an increased rate of soaking results in a slightly, but not significantly greater amount
of collapse. The soaking rate was approximately the same for all specimens.
In Section 5.2 a hypothesis was formed stating that Eagle Lake loess specimens
will reach a higher degree of saturation if a load is applied to the specimen first and then
saturated, and the opposite is true for Fulton specimens. The initial plan was to draw
conclusions based on the results of the staged-collapse tests since staged-collapse tests
are essentially single oedometer tests with matric suction control, and the degree of
saturation of the specimen is known as the specimen collapses. However, the staged-
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collapse tests at the same vertical stresses do not show the same amount of collapse as the
single oedometer tests. Unlike the single oedometer specimens, the Eagle Lake stagedcollapse tests specimens do not collapse past the saturated double oedometer curve (see
Figure 5-18). Fulton staged-collapse specimens also show differences in the amount of
collapse vs. the amount of collapse observed for single oedometer specimens.
There are a few possible reasons for the differences in the amount of collapse
observed by the single oedometer specimens and the staged-collapse specimens. There
are differences between loading specimens using the GCTS device and loading
specimens using the floating ring oedometer. Unlike oedometer loading, the GCTS
device is not equipped with a ball bearing and therefore there is potential for specimens
to be loaded with some eccentricity. Also, the duration of a single oedometer test is less
than the duration of a staged-collapse test. Single oedometer tests are completed in a day
or two, while staged-collapse tests are completed in one to two weeks.
After investigating potential reasons for the differences in collapse between
double and single oedometer tests, the most logical conclusion appears to be sample
variance. If differences in testing procedures and testing equipment of single oedometer
test and staged-collapse test are proven to not significantly affect the amount of collapse,
specimen variance can be validated to be the main reason for differences.
6.2

Measurement of SWCCs using the GCTS Fredlund Device
Wetting and drying SWCCs were measured on remolded loess using the axis

translation technique with the GCTS Fredlund device. The measurement of SWCCs
using the Fredlund device will be discussed in this section to determine inaccuracies and
potential problems involved with acquiring the data and interpreting the results.
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It is possible that true equilibrium of the intake or release of water within tested
specimens was not fully achieved during some tests. Equilibrium was considered to be
reached when the water level did not change by more than 0.1 cm3 over a six-hour period
with 1- and 3-bar ceramic stones or over a 24-hour period with the 5-bar ceramic stone.
These equilibrium conditions were recommended by the GCTS Operating Instructions
Manual. True equilibrium is reached when the curvature of the menisci of the pore water
in the specimen is equal to the curvature of the menisci of the pore water in the HAE
stone. At this point the water throughout the specimen is equal to atmospheric pressure
plus the pressure due to the height of the water in the burettes.
There is also some uncertainty as to the validity of the axis-translation technique
for soils that contain a significant amount of occluded air. The axis-translation technique
is valid only if the air within the specimen is continuous, or if the occluded air in the
specimen is at the same pressure as the cell pressure. If there is occluded air at different
pressures than the cell air pressure, the matric suction will be different at the soil airwater interface where occluded air bubbles exist. The actual suction can be
overestimated if the specimen contains a significant amount of occluded air bubbles
(Bocking and Fredlund 1980).
The air pressure applied in the Fredlund cell will initially act as a stress on the
entrapped air, compressing the bubbles (assuming that the air pressure in the bubbles is
atmospheric). However, over time the air pressure applied in the cell will diffuse through
the water and reach the entrapped air, which will make the matric suction equal
throughout the specimen again. The time required for air to diffuse into the occluded air
bubbles is unknown. The results of the measured drying SWCC on two different Eagle
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Lake specimens (Figures 5-8, 5-9, and 5-10) show that the measurements of the drying
SWCC is repeatable, even when the specimens contained occluded air. More
experimental investigation of the axis translation technique is needed for soils with high
degrees of saturation (Marinho et al 2008). Section 6.3 will discuss how occluded air
affects the results of staged-collapse tests.
6.3

Staged-Collapse Test Results
The staged-collapse tests determined the collapse behavior of the soil due to

decreasing matric suction under a constant net vertical stress. Some of the problems and
uncertainties observed while performing these tests will be discussed in this section.
As seen in Section 5.4, there are decrements of matric suction where no collapse
occurs even after collapse has initiated. Several hypotheses were developed to explain
these occurrences. First, the lack of a porous stone on top of the specimen during testing
was thought to be a possible cause for no collapse because the external air pressure may
not be reaching the air within the specimen as easily as it would with a porous stone
between the loading platen and the specimen. However a staged-collaspse test was
performed on an Eagle Lake specimen with a porous stone on top of the specimen and the
results showed the same behavior. Therefore a new hypothesis was formed. The reason
no collapse is observed during certain matric suction decrements is thought to be due to
occluded air bubbles within the soil specimen. The following will explain how occluded
air bubbles can prevent collapse.
When the soil adsorbs water there is potential for it to trap air bubbles, particularly
as the specimen reaches higher degrees of saturation. The entrapped air bubbles will
retain an air pressure equal to the air pressure in the chamber at the time of occlusion.
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The air bubbles can attach to the sides and at the contacts of soil grains. As the air
pressure in the cell is further reduced, the occluded air bubbles can retain their previous
“higher” pressure and the soil will not feel the decrease in cell pressure. Therefore, the
pressure difference at the air-water-soil interface, the matric suction, will remain the same
and the soil will not feel the decrease in matric suction at certain grain contacts. Over
time either the cell pressure will diffuse through the water and reach the occluded air
bubbles, or the air bubbles will gradually diffuse into the pore-water allowing the soil to
feel the applied matric suction.
Bocking and Fredlund (1980) stated that the occluded air phase typically begins at
80% saturation. The following figures can be used to interpret whether occluded air
bubbles were the reason for the unexpected results of the staged-collapse tests. First, the
results of Fulton Loess will be presented followed by the results of Eagle Lake Loess.
The figures are plots of dry unit weight vs. water content and dry unit weight vs. degree
of saturation during the decrements of matric suction of the staged-collapse tests.
Decrements where no collapse occurred are indicated where there is no change in the dry
density. These figures show the zero air voids curve and corresponding curves for 90%
and 80% saturation as well as the standard Proctor curves that were presented in Chapter
4.
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Figure 6-1: Dry Density vs. Water Content during Staged-Collapse Test at 57 kPa for
Fulton Loess

Figure 6-2: Dry Unit Weight vs. Degree of Saturation during Staged-Collapse at 57 kPa
for Fulton Loess
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Figure 6-3: Dry Density vs. Water Content during Staged-Collapse Test at 180 kPa for
Fulton Loess

Figure 6-4: Dry Unit Weight vs. Degree of Saturation during Staged-Collapse at 180 kPa
for Fulton Loess
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Figure 6-5: Dry Density vs. Water Content during Staged-Collapse Test at 486 kPa for
Fulton Loess

Figure 6-6: Dry Unit Weight vs. Degree of Saturation during Staged-Collapse at 486 kPa
for Fulton Loess
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Figure 6-7: Dry Density vs. Water Content during Staged-collapse Test at 57 kPa for
Eagle Lake Loess

Figure 6-8: Dry Unit Weight vs. Degree of Saturation during Staged-Collapse at 57 kPa
for Eagle Lake Loess
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Figure 6-9: Dry Density vs. Water Content during Staged-Collapse Test at 119 kPa for
Eagle Lake Loess

Figure 6-10: Dry Unit Weight vs. Degree of Saturation during Staged-Collapse at 119
kPa for Eagle Lake Loess
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Figure 6-11: Dry Density vs. Water Content during Staged-Collapse Test at 233 kPa for
Eagle Lake Loess

Figure 6-12: Dry Unit Weight vs. Degree of Saturation during Staged-Collapse at 233
kPa for Eagle Lake Loess
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These results suggest that the reason for the temporary cessation in collapse is
occluded air bubbles. Figures 6-4, 6-8, and 6-10 show that the degrees of saturation at
which the specimens do not collapse are typically between 70% and 90% saturation,
which correspond well with the conclusions drawn by Bocking and Fredlund (1980).
Also, Figure 6-7 shows that the gravimetric water content does not change at all for the
last decrement of matric suction, yet the specimen collapses. This result suggests that the
final amount of collapse is due to the external air reaching the occluded air bubbles
within the specimen thus collapsing the voids that were maintained by the occluded air
bubble pressure.
Another conclusion can be drawn from referring the results of the staged-collapse
tests to the standard Proctor curve. Plotting the results from Figures 6-1, 6-3, and 6-5 in
Figure 6-13 for Fulton loess and the results from Figures 6-7, 6-9, and 6-11 in Figure 614 for Eagle Lake loess shows that the soil ceases collapsing completely around the 90%
saturation line, which is approximately the degree of saturation that corresponds to the
optimum water content of the standard Proctor compaction curve. This conclusion agrees
with the conclusions of Lawton et al. (1992), which is that compacted collapsible soils do
not collapse significantly past a critical degree of saturation, which approximately
corresponds to the line of optimums from Proctor compaction tests.
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Figure 6-13: Dry Density vs. Water Content during Staged-collapse Tests for Fulton
Loess

Figure 6-14: Dry Density vs. Water Content during Staged-collapse Tests for Eagle Lake
Loess
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6.4

Uniqueness of Constitutive Surfaces
The results of this research program provide inconclusive evidence concerning the

uniqueness of the void ratio and saturation constitutive surfaces during wetting and
loading. Investigation of uniqueness was presented in Section 5.7 by comparing the void
ratios and degrees of saturation obtained by constant suction tests and staged-collapse
tests. During each test, the same matric suction and vertical stress were applied to the
soil, but they were applied in different orders of matric suction and vertical stress
application. The void ratios were similar at lower vertical stresses but varied more with
increasing vertical stress, which suggests that the stress paths are dependent upon the
loading and wetting sequence. There is some agreement between the degrees of
saturation, but similar to the differences in void ratios, the degrees of saturation vary
more with increasing vertical stress.
The results from the literature are also inconclusive. Some references suggest
stress path dependency while others suggest independency. Several references, such as
Maswoswe (1985), suggest stress path dependency because the results show differences
in void ratios obtained from single and double oedometer tests performed on identical
soil specimens. However, the results from Nelson et al. (2011), Jotisankasa et al. (2007),
Pham (2005), Fredlund and Morgenstern (1976), Barden (1969), and Matyas and
Radhakrishna (1968) suggest that the void ratio constitutive surface is independent of
wetting and loading sequence.
6.5

Comparing Results of Each Soil Type
This section will compare and contrast the results obtained for testing Eagle Lake

loess and Fulton loess. The results are split into three sections. The first section
interprets the differences in the initial conditions of the molded specimens using the
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known differences in the grain size distribution of each soil. The second section
compares the collapse behavior, and the third compares the water retention behavior.
6.5.1

Differences in the Initial Conditions of the Specimens
In order to compare the collapse behavior, the initial conditions of the soil

specimens need to be compared. Eagle Lake loess specimens are denser and dryer with
respect to gravimetric water content than Fulton loess specimens at 50% saturation and at
a dry density of 80% of the standard Proctor maximum dry density. However, the
pressure required to mold Eagle Lake specimens is less than the pressure required to
mold Fulton loess specimens, which is due to the differences in soil gradations.
The gap-graded grain size distribution of Eagle Lake allows for easier soil particle
arrangement during molding than the poorly graded Fulton loess. Also, although the
initial void ratio of Fulton loess is higher, the voids within Eagle Lake loess are most
likely larger since there is a range of particle sizes “missing” from the gradation. The
wider range of particle sizes will correspond to a wider range of pore sizes, and the
opposite for Fulton loess. The pore sizes will govern the water retention behavior of the
soil.
6.5.2

Comparing the Collapse Behavior of Fulton and Eagle Lake Loess
Figure 6-15 shows the results of the double oedometer tests of both Eagle Lake and

Fulton loess.
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Figure 6-15: Comparison of Double Oedometer Tests

Fulton loess specimens maintain higher void ratios than Eagle Lake loess
specimens over the range of vertical stresses. The gap-graded grain size distribution of
Eagle Lake loess makes the soil denser than the poorly graded Fulton loess, which creates
a lower initial void ratio. This is deceiving because denser soils seem likely to collapse
less. However, the difference between the unsaturated and saturated curves is greater for
Eagle Lake loess than Fulton loess over the majority of the range of vertical stresses. The
single oedometer test results presented in Section 5.2 confirm that Eagle Lake loess
collapses more than Fulton loess over the specified range of vertical stresses.
Unfortunately, no tests could be performed to investigate the soil structures of the
molded specimens before and after collapse, but the reason that Eagle Lake loess
collapses more than Fulton loess is the same reason it is easier to mold than Fulton loess.
Although Eagle Lake loess is a denser specimen with a smaller amount of void space, the
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gap-graded gradation creates a wider range of collapsible pores sizes than the poor
gradation of Fulton loess, which has more void space but a narrower range of collapsible
pore sizes. The results agree with the conclusion of Basma and Tuncer (1992), whose
conclusions show that collapse potential generally increases with an increasing range of
particle sizes.
The results of staged-collapse tests show that the matric suction value at which
collapse initiates is lowest when 57 kPa is applied for both soil types. Under the preconsolidation stress, the matric suction value that initiates collapse increases. Beyond the
pre-consolidation stress, the matric suction value that initiates collapse appears to
decrease. The collapse behavior of the soils under their respective pre-consolidation
stresses shows that Fulton loess begins collapsing at a slightly higher matric suction and
slightly lower degree of saturation than Eagle Lake loess. Collapse also terminates at a
higher matric suction and lower degree of saturation for Fulton loess than Eagle Lake
loess.
The reason that collapse initiates and ends at a higher matric suction for Fulton is
due to the narrow range of grain sizes, and thus pore sizes, within the specimen. More
water will enter and fill the smaller pores of Fulton loess than the larger pores of the gapgraded Eagle Lake loess. Therefore, Fulton loess will retain more water at higher matric
suctions, and because Fulton loess reaches air occlusion at higher matric suctions,
collapse will initiate and terminate at higher matric suctions and lower degrees of
saturation. The collapse of both soils ceases at approximately the line of optimums found
from Proctor compaction tests (see Figure 6-13 and 6-14), which agrees with the
conclusions of Lawton et al. (1989).
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6.5.3

Water Retention Behavior
In general Fulton loess retains a higher degree of saturation, gravimetric water

content, and volumetric water content than Eagle Lake loess. The gap-graded grain size
distribution creates larger pore sizes within the soil which decreases the ability for the
soil to hold water. The air entry and air occlusion values are greater for Fulton loess
because of the smaller pores sizes. For both soils, as the vertical stress increases, the
degree of saturation and volumetric water content also increase for a given matric suction
in the transition zone of the SWCC. While measuring the wetting SWCC, the higher the
vertical stresses on the soils, the closer the degree of saturation was to reaching 100%
because the void space decreases, which increases the degree of saturation. Also, the air
entry value and air occlusion value increase with increasing vertical stress due to the
reduction in pore size with increasing vertical stress.
The results of measured drying SWCCs for Eagle Lake and Fulton loess with no
load are presented in Figures 6-16 to 6-18. The soil pores are in the non collapsed
condition here, so comparisons between the initial conditions of the soils can be made
based on the SWCCs.
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Figure 6-16: Degree of Saturation vs. Matric Suction Drying SWCC for Fulton and
Eagle Lake Loess with No Load

Figure 6-17: Volumetric Water Content vs. Matric Suction Drying SWCC for Fulton and
Eagle Lake Loess with No Load

124

Figure 6-18: Gravimetric Water Content vs. Matric Suction Drying SWCC for Fulton and
Eagle Lake Loess with No Load

Similar to the wetting curves, Figure 6-16 shows that the saturation of Fulton
loess is higher than the saturation of Eagle Lake loess from 0 kPa to 100 kPa. However,
after 100 kPa the SWCCs appear to follow the same saturation vs. matric suction curve.
Figures 6-17 and 6-18 show that Fulton loess still has higher gravimetric and volumetric
water contents than Eagle Lake loess at a given matric suction, but the curves show
similar curvature at the 200 kPa to 500 kPa matric suction values. The SWCCs show
similar behavior at higher suctions because the fine grained portion of the soil begins to
dominate the water retention behavior. This is to be expected because Eagle Lake and
Fulton have essentially the same fine grained particle size gradation.
The steeper slopes at lower matric suction values shown in Figures 6-16 to 6-18
suggest that the SWCCs of Eagle Lake and Fulton are dominated by the large collapsible
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voids that exist between aggregates of soil particles at lower matric suctions and by the
smaller voids that exist between clay and silt particles at higher suctions. This is
consistent with results from the literature for soils compacted dry of optimum.
As seen in Section 5.6, which presents the drying SWCCs of collapsed and noncollapsed specimens, Fulton loess appears to follow a gravimetric water content vs.
matric suction curve during the transition zone that is independent of the soil structure.
This indicates that the collapsible pores had negligible effect on the water retention
behavior of the soil in the transition zone. However, the collapsed Eagle Lake loess
specimen maintains a slightly higher gravimetric water content than the non-collapsed
specimen, which indicates that the collapse of the larger pores did affect the water
retention behavior in terms of gravimetric water content.
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7.

CONCLUSIONS AND RECOMMENDATIONS
The completion of the thesis objectives and the main conclusions drawn from this

thesis will be summarized in this chapter. Recommendations for future research will also
be presented.
7.1

Objectives Revisited
The objectives listed in Chapter 1 have been successfully completed. The

following will provide an overview of the objectives, how they were completed, and
difficulties encountered throughout the research program.
Objective 1 was to prove that remolded compacted loess is collapsible under
certain conditions. This was proven by the completion of double and single oedometer
tests of Eagle Lake and Fulton loess specimens. The results are presented in Sections 5.1
and 5.2. The densities and molding water contents for both soil types are given in Table
4-4. Differences between single and double oedometer tests are attributed to specimen
variance.
Objective 2 was to show that the collapse of compacted West Tennessee loess is
directly related to matric suction. This objective was achieved by constant vertical stress
testing, which is called staged-collapse-testing in this thesis. The collapse was controlled
using the axis translation technique to vary the matric suction. However, occluded air
bubbles may influence the actual matric suction of the sample and prohibit the soil from
collapsing during some decrements of matric suction. The results of the staged-collapse
tests are presented in Section 5.5. The amount of collapse obtained in these tests
correlates well to the amount of collapse witnessed by the double and single oedometer
tests.
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Objective 3 was to obtain a unique constitutive surface for both soil types. Using
the GCTS Fredlund device to follow various stress paths, the collapse behavior was
defined over a specified range of net vertical stress and matric suction values in the
unsaturated three-dimensional space. A constitutive surface was not fit to the data, but
the raw data points are plotted in the void ratio and saturation constitutive space in
Section 6.5.
Objective 4 was to interpret differences in the soil-water characteristic curve for a
collapsed soil and a non-collapsed soil. The drying SWCCs of collapsed specimens and
specimens under no vertical stress for both soil types were measured to investigate the
differences in water retention behavior of collapsed and non-collapsed soil. The results
are presented in Section 5.6. Several key observations were made through measuring
these SWCCs. The collapsed soil can maintain a higher degree of saturation and
volumetric water content at a given matric suction value than the non-collapsed
specimens in the transition zone (the sloped section of the SWCC). The gravimetric
water content remained the same for collapsed and non-collapsed specimens at a given
matric suction value in the transition zone for Fulton loess but was slightly higher for
Eagle Lake. This result indicates that the collapse of the larger soil pores of Eagle Lake
loess affected the water retention behavior more than the collapse of the smaller pores of
Fulton loess. The air entry value is higher for collapsed soil specimens, which was
expected.
Objective 5 was to determine whether the collapse behavior of both soil types can
be explained using the concepts of unsaturated soil mechanics. It is concluded from the
data that the collapse behavior can be explained by unsaturated soil mechanics concepts.
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Collapse appears to bear a direct relationship to the matric suction of the soil. The
volume change theory presented in Section 2.2.6 can be used to predict volume change.
The empirical variables introduced in Section 2.2.6 can be estimated from the acquired
data; however the variables are not constant over the whole range of matric suction
values that produce collapse.
Objective 6 was to identify the differences in behavior of the two types of loessial
soils tested and to determine what conclusions can be drawn. This objective was
discussed in Section 6.5.
Objective 7 was to compare results with related research on compacted, collapsible
soils. This objective was completed throughout Chapters 6 and 7.
7.2

Overall Conclusions


West Tennessee loess is collapsible when compacted dry of the optimum water
content.



Collapse of compacted loess is due to the reduction of matric suction.



The axis translation technique may influence how much the soil collapses
depending upon how much occluded air is present within the specimens.



The constitutive surfaces can be sufficiently investigated using the GCTS
Fredlund Device, or a similar device.



The gap-graded gradation and wider range of particle sizes of Eagle Lake loess
allows for a greater amount of collapse than the poorly graded Fulton loess. Both
soils produce the maximum amount of collapse under a vertical stress equal to the
pre-consolidation stress.
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Collapse ceases at approximately the line of optimums determined from Proctor
compaction testing.



An increasing vertical load increases the air entry value and air occlusion value of
the SWCC, and the soil can maintain higher degrees of saturation within the
transition zone of the SWCC.

7.3

Recommendations

7.3.1


Extended Research of West Tennessee Loess
Empirical variables introduced in Section 2.2.6 can be estimated from the data
obtained from this thesis. There are different constitutive models that can be used
to predict the collapse behavior of the soil. These models could be used to model
the collapse behavior using the data presented in this thesis. However, more
testing may need to be performed to fully and accurately calibrate the chosen
models.



The collapse behavior and water retention behavior could be determined over a
wider range of soil suctions. The initial suction values of the soil specimens used
in this research did not permit the collapse behavior to be defined over a wide
range of soil suctions. Tests conducted on specimens with lower initial
saturations should be performed. Similar testing on specimens with varying
initial densities would also be beneficial in the understanding of collapse
behavior.



Similar testing on undisturbed specimens could be conducted to determine
differences between remolded and naturally deposited loess behavior.
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To better confirm the results of single and double oedometer tests, multiple tests
should be performed to see how much variation exists from specimen variation.
The amount of collapse could then be based on the average of the values obtained
from all tests.



No soil fabric studies were performed. A scanning electron microscope and
mercury intrusion tests could be used to determine changes in the soil fabric due
to collapse.



A laboratory program could be designed to study the effects of aging and
thixotropy of remolded loess specimens on the SWCC and collapse.

7.3.2


Recommendations for use of the GCTS Fredlund Device
Testing collapsible soils in the GCTS device needs to be evaluated carefully due
to inaccuracies believed to be caused by occluded air. Sensitivity studies could be
performed using the GCTS device to determine how different variables, such as
length of time between matric suction decrements, can affect the results of testing
collapsible soils in the GCTS device.



A small heater can be attached to the GCTS Fredlund cell to prevent moisture
from condensing on the inside of the cell. This heater will allow for more
accurate moisture content readings, especially for long duration tests.



The vertical load that is applied through the top of the cell in the Fredlund Device
may not be applied directly to the center of the specimen. A method of ensuring
that the load is applied directly to the center of the specimen should be used.
Also, a load cell could be attached to the loading shaft of the load frame to more
conveniently apply load to the specimen.
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Complete saturation of the high air entry stone is very important before beginning
a test. It is recommended that saturation be done by placing the HAE stone in the
indention of the bottom plate of the GCTS cell, and filling the burettes all the way
up to the top with water. The water will permeate through the bottom of the stone
and completely saturate it.



There was no pore water pressure transducer to measure the pore water pressure
underneath the ceramic stone in the Fredlund device. If this were available, more
accurate values of matric suction could be obtained.

132

8.

REFERENCES

Alonso E. E., Gens A. & Josa A. (1990). “A constitutive model for partially saturated
soils.” Geotechnique, 40(3), 405-430.
Barden, L., McGown, A., and Collins, K. (1974). "The collapse mechanism in partly
saturated soil." International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, 11(1), 49-60.
Basma, A. A., and Tuncer, E. R. (1992). "Evaluation and Control of Collapsible Soils."
Journal of Geotechnical Engineering, 118(10), 1491-1504.
Bishop A. W. & Blight G. E. (1963). “Some aspects of effective stress in saturated and
partly saturated soils.” Geotechnique, 13(3), 177-197.
Bocking, K., and Fredlund, D. (1980). "Limitations of the Axis Translation Technique."
Proc., Fourth International Conference on Expansive Soils, Denver, CO, 117135.
Booth, A.R. (1977). Collapse Settlement in Compacted Soils. National Institute for
Transport and Road Research. Bulletin 13, Report: 324.
Cetin, H., Fener, M., Soylemez, M., and Gunaydin, O. (2007). "Soil structure changes
during compaction of a cohesive soil." Eng.Geol., 92(1-2), 38-48.
Coduto, D. P., Yeung, M., and Kitch, W. A. (2011). Geotechnical Engineering:
Principles and Practices. Pearson, Upper Saddle River, NJ.
Feda, J. (1988). "Collapse of loess upon wetting." Engineering Geology, 25(2-4), 263269.
Fredlund, D. G., and Gan, J. K. M. (1995). "The Collapse Mechanism of a Soil Subjected
to One-Dimensional Loading and Wetting." NATO ASI SERIES C,
MATHEMATICAL AND PHYSICAL SCIENCES, 173-205.
Fredlund, D. G., and Morgenstern, N. R. (1976). "Constitutive relations for volume
change in unsaturated soils." Canadian Geotechnical Journal, 13(3), 261-276.
Fredlund, D. G., and Rahardjo, H. (1993). Soil mechanics for unsaturated soils. Wiley,
New York.
Fredlund, D. G., and Xing, A. (1994). "Equations for the soil-water characteristic curve."
Canadian Geotechnical Journal, 31(6), 521-532.
GCTS Testing Systems (2007). SWC-150 Fredlund Soil Water Characteristic Device:
User’s Guide & Reference Manual.
133

Jotisankasa, A. (2005). “Collapse behaviour of a compacted silty clay.” PhD thesis,
University of London.
Lawton, E. C. (1986). "Wetting-induced collapse in compacted soil." PhD thesis,
Washington State University.
Lawton, E. C., Fragaszy, R. J., and Hetherington, M. D. (1992). "Review of WettingInduced Collapse in Compacted Soil." J.Geotech.Engrg., 118(9), 1376-1394.
Lu, N., and Likos, W. J. (2004). Unsaturated soil mechanics. J. Wiley, Hoboken, N.J.
Mansour, Z. M., Chik, Z., and Taha, M. R. (2008). "On the Procedures of Soil Collapse
Potential Evaluation." Journal of Applied Sciences, 8(23), 4434-4439.
Marinho, F., Take, W., and Tarantino, A. (2008). "Measurement of Matric Suction Using
Tensiometric and Axis Translation Techniques." Geotech.Geol.Eng., 26(6), 615631.
Marshall, T. J., and Holmes, J. W. (1979). Soil physics. Cambridge University Press,
Cambridge, New York.
Maswoswe, J. (1985). "Stress paths for compacted soil during collapse due to wetting."
PhD thesis, Imperial College of Science, Technology and Medicine, University of
London.
Matyas, E.L., and Radhakrishna, H.S. (1968). "Volume Change Characteristics of
Partially Saturated Soils." Géotechnique, 18(4), 432-448.
Miranda, A. N. d. (1988). "Behavior of small earth dams during initial filling." PhD
thesis, Colorado State University.
Nelson, J. D., Hatton, C. N., and Chao, K. C. (2011). "A constitutive relationship for
collapsible soils in terms of stress state variables." Proc., 5th International
Conference on Unsaturated Soils, Barcelona, Spain, 317-322.
Pereira, J. H. F., and Fredlund, D. G. (2000). "Volume Change Behavior of Collapsible
Compacted Gneiss Soil." J.Geotech.and Geoenvir.Engrg., 126(10), 907-916.
Pham, H. Q. (2005). "A Volume-Mass Constitutive Model for Unsaturated Soils." PhD
thesis, University of Saskatchewan.
Pham, H., and Fredlund, D. (2011). "Volume-mass unsaturated soil constitutive model
for drying-wetting under isotropic loading-unloading conditions." Canadian
Geotechnical Journal, 48(2), 280-313.

134

Reznik, Y. M. (1994). "Evaluation of Collpase Potentials Using Single Oedometer
Results." Bulletin of the Association of Engineering Geologists, 31(2), 255-261.
Rodrigues, R. A., and Vilar, O. M. (2006). "Relationship between Collapse and SoilWater Retention Curve of a Sandy Soil." Geotechnical Special Publication,
1(147), 1025-1036.
Sharma, R. S., and Singhal, S. (2006). "Preliminary Observation on Volumetric Behavior
of Unsaturated Collapsible Loess." Geotechnical Special Publication, 1(147),
1017-1024.
Tadepalli, R., and Fredlund, D. G. (1991). "The collapse behavior of a compacted soil
during inundation." Canadian Geotechnical Journal, 28(4), 477-488.
Tadepalli, R., and Fredlund, D. G., and Rahardjo, H. (1992). "Soil Collapse and Matric
Suction Change." Proc, 7th International Conference on Expansive Soils, Dallas,
TX, 286-291.
Vanapalli, S. K., Fredlund, D. G., and Pufahl, D. E. (1999). "Influence of soil structure
and stress history on the soil-water characteristics of a compacted till."
Geotechnique, 49(2), 143-159.
Vilar, O.M., and Rodrigues, R.A. (2011). "Collapse behavior of soil in a Brazilian region
affected by a rising water table." Canadian Geotechnical Journal, 48(2), 226-233.

135

